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Abstract 
The work presented involves the theoretical and experimental 
studies of the kinematic and dynamic effects of bearing clearance in linkage 
mechanisms. 
In the test mechanism developed a six-bar linkage, having a 
test plain bearing, is oscillated at amplitude of 17.5 mm within the frequency 
range 4-7 Hz. A transducer assembly is used to measure the impact 
accelerations which are related to clearance size, mass distribution, spring 
load and excitation configuration, ( the vibrators are independently phased ). 
The motion-analysis of the test mechanism including clearance 
at a bearing is described using Lagrangian mechanics. The behaviour of the 
system is obtained by solving the coupled time-dependent equations using 
Kutta-Merson integration procedure. The method proves to be lengthy in 
computation time and not easily applied in design. Further, it is shown that 
there is little difference, in a gross sense, between the results so found 
and results obtained assuming no bearing clearance. 
An empirical formula relating the three parameters, clearance 
size, the rate of change of contact position and the corresponding minimum 
reaction force is derived from the no-clearance analysis. The. variation 
of this empirical relationship with excitation frequency is found to be 
similar to that obtained for the experimental impact levels. Thus it may be 
used to describe the impact accelerations and its numerical significance as 
a design criterion is suggested. 
The experimental work also demonstrates that the pattern of the 
impact levels remains unchanged when the bearing is oil film lubricated. 
3 
Some simple design guides using the emp. i; rical relationship on 
a four-bar chain are suggested and general application from a practical 
point of view is discussed. 
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1.1 Clearance in a plain bearing 
One of the most common engineering components in machinery 
is a bearing which, while providing load transmitting locations between machine 
parts still allows relative movements to occur. Of the wide range of bearing 
types and sizes available to machine designers for a particular application, 
there is usually one type which has the most suitable characteristics. The 
factors influencing the selection of the appropiate bearing type are often 
numerous and to arrive at an optimal solution requires a thorough knowledge 
of bearing technology. The use of a particular type of bearing in any machine 
depends on the positioning accuracy and the nature of the loads it is required 
to transmit. Plain bearings, notably for their simplicity and low cost, are 
used in a wide range of' applications for the transmission of both- heavy and 
light loads over a wide range of operating speeds. Examples of their 
applications can be found in the suspension and steering mechanisms of 
road vehicles, electrical motors, pumps, switch gears, propeller shafts. 
Once the size of the plain bearing and the conditions under which it will be 
operating have been determined, it is necessary for the designer to consider 
requirements such as bearing functional reliability and manufacturing cost. 
The maximum permissible running clearance is one of the important design 
criteria upon which the latter -requirements depend. 
In a linkage mechanism where plain bearings are often used at 
the joints, the selection of running clearance is of importance, for on it 
depends the dynamic and kinematic functioning of the system. Clearance 
in a bearing can allow impacts to occur ap a result of temporary nonconstrained 
movements of the linkage joint across the clearance space when the bearing 
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reaction force momentarily becomes zero. Some cle^ance must exist in a 
plain bearing, However in order to reduce impacts ( hence bearing fatigue ), 
noise and obtain the best kinematic functioning, the clearance should be 
kept as small as possible, having regard to the general economics of the 
bearings production and maintenance. However, if both the dimensional 
tolerance and running _ýtearance , are reduced, the production cost would 
effectively be increased. On the other hand, when the cost of improved 
dynamic performance of the mechanism is compared with the probable cost 
in wear, repair services, failure, noise and decreased customer acceptance, 
it may be better to use bearings with a closer manufacturing tolerance and 
running clearance accuracy. 
Sometimes methods, such as the application of spring loads at 
the bearing, are employed to reduce the possibility of abrupt reductions in 
the reaction forces. But this creates the problem of imposing large forces 
on the bearing which would in turn increase bearing wear. 
Before the optimal functional behaviour over a period of operation 
of the mechanism can be predicted, it is required to know, (a) what dynamic 
forces will the bearings have to withstand, (b) whether the impact forces on 
the bearing are critically dependent on the bearing clearance, (c) if wear 
takes place in parts of the mechanism, how will it affect the -mechanism's 
performance. 
1.2 Problems arising from impacts 
1.2.1 Bearing noise 
Vibration and noise emitted from a machine are caused by 
fluctuating forces present in the system. In a linkage joint, there may be 
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periods in which contacts between the pin and the plain bearing are lost, 
resulting in impact forces at the point where contact is remade. Vibrations 
due to these impacts cause noise to be emitted. During normal bearing 
operation, a range of sound frequencies is generated, which depend on the 
material of bearing, the application of a lubricant, running speeds, clearance 
size and surface roughness. In general, bearing noise is an indication of 
efficiency loss and severity of dynamic stresses. Measurements of the bearing 
noise level alone does, not provide a reliable assessment of the bearing 
condition as sound radiation efficiency at the bearing might be low while 
energy losses and stresses are high. Frequency spectr4.,, and in tha case 
are 
of an impulsive type noise recording of the pulse duration, a more accurate 
indication of the state of the bearing, 
1.2.2 Bearing failure 
Bearing failure can be caused by one or a combination of many 
factors, dirt, oil starvation, excessive wear, corrosion, misalignment etc. 
For a joint with excessive play, surface damage can be caused by impact 
forces on the bearing as a result of contact losses. Surface fractures are 
formed through cracks which propagate into the shell of the bearing and 
eventually flaking devalop-s on the surface. Owing to the sliding movements 
between the bearing surfaces, both the adhesive and abrasive wear processes 
occur, and particles are removed progressively from the operating surfaces 
causing localised heating and wear. If the bearing is kept operating under 
these conditions, seizure of the bearing can be expected. 
1.3 Literature survey 
Over the past years, a number of techniques have been put 
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forward relating to the analysis of the kinematic and dynamic effects of 
bearing clearance ; they included statistical, geometrical and vibrational 
approaches. 
Garrell and Hall (ref. 1 ) described a statistical analysis, 
known as the Delta Method, in which an evaluation was carried out into 
the practical effects in linkage mechanism design of the errors between 
the function generated by an ideal mathematical model ( zero clearance ) 
and a real model'which has manufacturing tolerances and clearances. The 
results were presented in the form of mobility bands for the linkages concerned . 
After sampling three hundred mechanisms of the same type, they concluded 
from'their statistical distribution curves that changes in clearance sizes 
without changes in tolerance will give rise to error values which are different 
to those obtained should the tolerance be changed without changing the 
clearance size. It was therefore necessary in designing a mechanism, not 
w4ýcý 
only to consi«ler the kinematic errors,, resulted from-the presence of clearance, 
but also from manufacturing tolerance. However, their work did not show how 
the clearance and tolerance depend on each other which would have enabled 
the error values to be, determined while still in the designing stage. 
Two geometric analyses into errors caused by bearing clearance 
have been demonstrated by Kalhalkai and Ya jnick ( ref. 2 ). The first method 
deals with finding the regions in which the links are free to move within 
the bearing clearance for any configurations of the mechanism. Maximum 
error for a given'input angle is then calculated from the clearance freedom 
region. The second method is to seek an equivalent mechanism where the 
clearance in each slack joint is replabed by a small rigid link. Using the 
vector loop equations and partially differentiating with respect to the 
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inclination of each clearance link, they were able to calculate the maximum 
and minimum errors for a particular position of the input link. It is possible 
that this technique can be incorporated, with the analysis used in the 
synthesis of a mechanism for path generation, such that a closer prediction 
of the path can be made taking into account the effects of clearance size 
in the joints. The problem of bearing clearance could be further complicated 
if the equivalent link lengths were also a function of their positions in the 
bearings, ioeo if the elements of the bearing are not always circular. The 
effects of one or all elements being non-circular, either due to manufacturing 
inaccuracies or to uneven wear, would appeär to be particularly sensitive 
to the position of the contact point within the bearing. 
An analytical treatment of the dynamic effects of clearance in 
mechanical system was described by Tustein and Daniell ( ref o 3) in 1947 0 
They studied the instability of a closed loop control system modeled by 
considering thr backlash in gearing and the effect of frictional resistance 
decreasing with increasing sliding speedo The mathematical model,, was 
derived did not take into. account coefficient of restitution and surface 
deformation, Figo 10 3,1 o It is considered that their analysis should be 
capable of describing a more realistic system and that the failure to do so 
was probably due to a lack of computing facilities, particularly as the 
equations contained a number of non-linear relationships o 
A series of fundamental studies were carried out by Kabruiskii 
and Babitsky ( ref, 4) on a one dimensional model of a joint with clearance 
and analytical solutions to the equations of motion were formed. Their model 
consisted of two impacting bodies on spring supports, Fig 132, Impacts 
were examined for various coefficients of restitution, the excitation being 
18 
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taken as a function of relative displacement and its time derivatives. 
Dubowsky and Freudenstein ( ref. 5) refined Kabruiskii and 
Babitsky's work and produced a detailinvestigation of the dynamic 
characteristics of mechanical systems with clearance. A lumped parameter 
system technique is again adopted from which the mathematical model, called 
an impact pair of an elastic mechanical joint with clearance, is formulated 
fig. 1.3.3 . Solutions were produced in two forms (i) analytical and 
(ii) a describing function. They obtained a good correlation between the 
methods of the force amplication for the high frequency range, but for the 
low frequency range a difference of up to 12 dB occurred. It was observed 
that the difference was due to the assumption made in the analytical method 
that only the fundamental components of the responses were essential. Their 
work also included a worked example showing how the speeds, for a given 
impact magnitude of the mechanism, can be predicted for different clearances.. 
Their work presented a mathematical approach to the impact behaviour of a 
clearance bearing, no experimental verification was attempted. 
Recent work on bearing impact has been carried out by Wilson 
and Fawcett ( ref. 6) who considered theoretically and experimentally the 
dynarrficsof a slider-crank mechanism with clearance in the sliding bearing. 
They were able to show how the slider reaction force is dependent on the 
gas load, and configurations of the crank,, connecting rod and the slider. 
They concluded that changes in sign of the slider-cylinder wall force 
result in impacts. They also suggested that it is possible to understand from 
a zero clearance analysis when impacts are likely to occur if clearance was 
present. Nevertheless, tha investigation-continued by developing a 
clearance analysis for the system. Methods were also developed for 
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the energy lost through friction and deformation at the wall as contact is 
remade. The work also described how the force pattern of the slider reaction 
can be modified by varying the mass distribution, the geometry and the 
engine speed. Studying the effects of varying each parameter separately, 
they were able to produce a configuration in which no impact occurs at 
the sliding bearing-. 
1.4 
. 
Introduction to the present investigation 
1.4.1 The dynamic characteristics of a complete real linkage mechanism 
Most of the studies on the dynamic effects of bearing clearance 
in linkage mechanism consider only (a) a simplified bearing model, i. e. 
a system consisting of lumped mass impacting bodies on spring and damper 
supports ; such systems being easier to analyse than the actual complex 
configurations that exist in a mechanism. (b) a single sinusoidal input to 
represent the bearing force, 
In a linkage mechanism, when its geometry undergoes gross 
cyclical changes, for a given running speed, the reaction forces at the 
connecting joints vary in magnitude and direction and depend on the inertia 
properties of the links. Further, when the links are connected by joints which 
have clearances, the connecting ends may move across the, clearance space 
and the bearing be subjected to impacts. Thus the use of a one dimensional 
vibrational approach, i. e. a uni-directional forcing function, does not in 
general give an exact description of the bearing force characteristics and 
the impacting b3haviours. 
In any form of linkage mechanism, the movement of each link 
is either pure rotational and / or pure translational. 
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Examples of the motion characteristics are illustrated in 
fig. 1.4.1 for a crank-rocker and a slider-crank mechanism. With the 
simplications made by some other investigators, the effects of these 
different modes of motion, existing in a real linkage mechanism, have 
not been considered. It is generally known that the bearing loading is closely 
, affected by the 
linkages' mass distribution, range of gross movements, 
magnitude of external forces, clearance sizes and operating speeds. Thus 
if the determination of the impacts is to be considered at a clearance 
bearing,. the kinematic and dynamic effects of the linkages must be taken 
, into account. 
1.4.2 Aims of the investigation 
The object of the work is to investigate the kinematic and the 
dynamic characteristics of a linkage mechanism with bearing clearance. 
Changes in the system parameters with different dynamical configurations 
have been found to have an effect on the magnitude of the impact force, and 
its occurrence at the clearance bearing. Therefore an experimental rig 
allowing a range of variables to be considered will be developed. An 
attempt will be made to determine a mathematical analysis that may be i 
acceptable to designers. However, the general indication from the 
literature survey is that an exact analytical solution to the pro! älem is 
unlikely and solving by numerical methods taking into account discontin- 
uities in the response would require lengthy computing time. However, 
knowing that a no-clearance analysis is much easier to perform, the 
extent to which it can be used for predicting impact will be carefully 
examined. 
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CHAPTER TWO 
THE EXPERIMENTAL RIG 
24 
2.1 Considerations influencing the design of the apparatus 
It is required to design an experimental rig which enables the 
effects of parameter changes, i. e. frequency, amplitude, phase-angle, mass 
distribution, clearance size and loading, on the impact magnitude to be 
examined over a wide range of geometric arrangements. 
An approach would be to construct numerous forms of linkage 
mechanisms and to compare their dynamic behaviours. This method would 
simulate the required kinematic and dynamic characteristics, although it 
would be costly and time consum ing, and possibly not very convenient to 
set up in the laboratory. 
Some experimenters have selected a particular mechanism form 
commonly in use. Of these, Fawcett and'Wilson used a slider-crank mechanism 
for their investigation into the phenomenanof piston slap resulting from 
clearance between the piston ., and cylinder wall. They considered 
design 
features such as changing the mass distribution by adding bodies to the 
connecting rod, using a heavy flywheel in order to produce a constant input 
driving speed, and adjusting the distance between the cylinder walls to 
obtain different clearance sizes. Their experiments covered a wide range 
of dynamic conditions upon which piston slap depends. 
A four-bar mechanism was used by Hain to investigate the effects 
of clearance size on the magnitude of bearing forces. He designed a test 
bearing housing consisting of twelve brass strips, on which strain gauges 
were attached, equally spaced around the bearing bore, and instrumented 
for recording the magnitude of reaction forces. Transducers connected to 
slip rings were used to obtain the variations of angular displacement and 
velocity with time for the links under different combinations of dynamic 
25 
loading on the system. The loading was achieved by an inertia mass mounted 
on the rocker. The external torque on the system was applied by connecting 
the rocker to a frictional brake drum. A constant speed driving unit was 
also used in his apparatus. 
The systems described above were compact and included most 
of the parameter variations needed for examining the dynamic effects of 
bearing clearance on the system's response. However, little attention had 
been paid to the effects of geometric changes on the impact behaviour. The 
design of the present apparatus has been directed more, towards this aspect. 
Initially, an attempt was made to develop a mathematical model 
for describing a linkage mechanism with bearing clearance. Among the 
mathematical treatments examined, it was found that the formulation based 
on Lagrangian mechanics accompanied by Lagrangian multipliers to be the 
most suitable to adopt ( see Chapter 3 ). Initially the motion analysis of 
a four-bar linkage mechanism with bearing clearance was examined ; the 
computer analysis, on this system is illustrated in appendix. H. From this 
preliminary study an experimental rig was designed using the same 
mathematical modeling technique. The design of the experimental system; 
as described in the following sections was carried out in parallel with the 
theory given in Chapter 3. 
The arrangement of the apparatus finally taken in the present 
investigation, - involved the use of two hydraulic exciters which provided 
separately and combined translationary and oscillatory movements of a link 
at different excitation frequencies and phase-angles. 
2.2 The hydraulic powered vibration system 
The hydraulic exciters and their control circuits were purchased 
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as a complete system from Fairey Service Co. and are shown diagrammatically 
in fig. 2.2.1 and actually in Plate 1. The exciters are independently controlled 
by separate closed loop hydraulic powered systems. The basic components, 
as shown in the figure, were the hydraulic power unit, servo amplifiers and 
the function generator. Each input signal from the function generator enters 
a servo amplifier which controls the flow rate of oil through an orifice and 
hence the displacement of the piston. The displacement is measured by an 
inductive type transducer, which feeds back a signal to the servo amplifier, 
The effective signal controlling the servo valve is the resultant of the input 
and the feedback signals and. is reduced to zero when the required response 
is obtained. 
Because full thrust is obtainable down to zero frequency, it is 
possible for the piston to be moved to any static position by adjusting the 
gain control. The vibratory amplitudes, proportional to the applied voltage 
from the function generator, are controlled individually by the potentiometcr.. 
on the servo amplifiers. The phase shift and frequency in the input signals 
are controlled directly from the function generator. 
The position feedback loop was used to drive the exciter to give 
constant amplitude, velocity and acceleration vector for the given sinusoidal 
input signals at frequencies and amplitudes within limits given by the 
manufacturer's design specifications. (See, appendix D for the complete 
amplitude frequency range characteristic. ) 
2.3 Description of the experimental system 
2.3.1 The apparatus 
A' general view of the apparatus is shown in Plate 1. 
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It consists essentially of a beam ( coupler) (a) 660 mm long and 
of rectangular cross-section 90 x 40 mm, freely hinged at one end by a plain 
bush-pin bearing (b), to another beam ( rocker) (c), 380 mm long and of 
the same cross-section. The rocker was freely hinged to swing in a vertical 
arc on a pair of angular contact ball bearings (d) and a shaft (e) supported by 
a rigid framework (f). The coupler was freely joined to two cranks (g) of 
length 160 mm, each crank being mounted on a hydraulic exciter (h). The 
plain test bearing situated between the coupler and the rocker was designed 
such that the bush (j) and the pin (k) could be changed easily and 
instrumentated for recording impact acceleration. The experimental rig was 
bolted onto a vibration isolation platform (1) which had been specially 
constructed for this project. (See appendix D for-the detailed views of the 
construction. ) 
The moment of inertia of the coupler was varied by adding an 
inertia mass (r) to the oscillating system and preloading of the test bearing 
was applied through the rocker by an extension spring (s). The arrangement 
allowed easy adjustment of the mass position and the spring tension for 
different dynamical configurations to be considered. 
Flexural vibrations of the links and clearance in all joints apart 
from the test bearing are assumed to be negligible. 
Fig. - 2.3.1 shows some of the geometric configurations of the 
linkage system possible at different phase-angles between the exciters. 
All the sizes and magnitudes of the physical parameters of the 
apparatus are given in appendix A. 
2.3.2 Sprincr system (refer to Plate 1. ) 
A closed coiled helical spring (s) was held at one end of a hook (i) 
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on an adjustable clamp support (t), the other end being connected by a 'steel 
cable wire (u), which ran along an overhead twin pulley framework, to the 
rocker. A calibration curve for the spring is given in appendix A. 
2.3.3 Crank 
One of the cranks is shown in Plate 2. It consists of a circular 
base (a) of diameter 100 mm on which a bearing housing (b), containing two 
angular contact ball bearings (c) were mounted. The two cones of these two 
bearings were pressed onto the shaft (d) while the races were firmly mounted 
in the bearing housing. Adjusting rings (e) threaded onto the shaft (d) were 
used to eliminate ' end play '. The clamp (f) could be moved along the coupler 
for different excitation arrangements and was freely hinged at its end to two 
connecting rods (g and h). These rods were firmly mounted onto the shaft (d), 
by a key (j) and a dowell pin (k). The ' end play ' in the bearings at the two 
ends of the clamp was eliminated by tightening a wedge shaped bar (n) across 
the two connecting rods with bolts in the slots (p) .` 
2.4 Pin and pin clamp ( refer to Plate 1. ) 
The pin was held in a spilt clamp which was secured by bolts to 
the end of the coupler (a). 
The pins, made of mild steel, were initially manufactured having 
a nominal diameter of 25 mm and length 90 mm. The central potion of the 
pin diameter was then reduced to produce a bearing clearance. 
2.5 Bearing housing and the transducer. assembly 
A'close up view of the bearing housing is shown in Plate 3. 
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It consists essentially of a beam ( coupler) (a) 660 mm long and 
of rectangular cross-section 90 x 40 mm, freely hinged at one end by a plain 
bush-pin bearing (b), to another beam ( rocker) (c), 380 mm long and of 
the same cross-section. The rocker was freely hinged to swing in a vertical 
arc on a pair of angular contact ball bearings (d) and a shaft (e) supported by 
a rigid framework (f). The coupler was freely joined to two cranks (g) of 
length 160 mm, each crank being mounted on a hydraulic exciter (h). The 
plain test bearing situated between the coupler and the rocker was designed 
such that the bush (j) and the pin (k) could be changed easily and 
instrumentated for recording impact acceleration. The experimental rig was 
bolted onto a vibration isolation platform (1) which had been specially 
constructed for this project. (See appendix D for-the detailed views of the 
construction. ) 
The moment of inertia of the coupler was varied by adding an 
inertia mass (r) to the oscillating system and preloading of the test bearing 
was applied through the rocker by an extension spring (s). The arrangement 
allowed easy adjustment of the mass position and the spring tension for 
different dynamical configurations to be considered. 
Flexural vibrations of the links and clearance in all joints apart 
from the test bearing are assumed to be negligible. 
Fig. - 2.3.1 shows some of the geometric configurations of the 
linkage system possible at different phase-angles between the exciters. 
All the sizes and magnitudes of the physical parameters of the 
apparatus are given in appendix A. 
2.3.2 Spring system ( refer to Plate 1. ) 
A closed coiled helical spring (s) was held at one end of a hook (i) 
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on an adjustable clamp support (t), the other end being connected by a steel 
cable wire (u), which ran along an overhead twin pulley framework, to the 
rocker. A calibration curve for the spring is given in appendix A. 
2.3.3 Crank 
One of the cranks is shown in Plate 2. It consists of a circular 
base (a) of diameter 100 mm on which a bearing housing (b), containing two 
angular contact ball bearings (c) were mounted. The two cones of these two 
bearings were pressed onto the shaft (d) while the races were firmly mounted 
in the bearing housing. Adjusting rings (e) threaded onto the shaft (d) were 
used to eliminate ' end play '. The clamp (f) could be moved along the coupler 
for different excitation arrangements and was freely hinged at its end to two 
connecting rods (g and h). These rods were firmly mounted onto the shaft (d), 
by a key (j) and a dowell pin (k). The ' end play ' in the bearings at the two 
ends of the clamp was eliminated by tightening a wedge shaped bar (n) across 
the two connecting rods with bolts in the slots (p) . 
2.4 Pin and pin clamp ( refer to Plate 1. ) 
The pin was held in a spilt clamp which was secured by bolts to 
the end of the coupler (a). 
The pins, made of mild steel, were initially manufactured having 
a nominal diameter of 25 mm and length 90 mm. The central pohtion of the 
pin diameter was then reduced to produce a bearing clearance. 
2.5 Bearing housing and the transducer, assembly 
A'close up view of the bearing housing is shown in Plate 3. 
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The pin-clamp togather with the bearing block (k) formed the 
complete test bearing pin assembly. Final machining of the bearing housing 
was carried out after it had been secured to the rocker by three studs (t) 
a plate (p) clamped into the slot by a bolt (h). The bearing shells were made 
a light press fit in the housing . 
Onto the bearing housing were mounted three accelerometers as 
shown on Plate 3. One of them recorded the impact acceleration along the 
length of the rocker (X component) and the other two recorded the impact 
acceleration perpendicular to it (Y component ). These accelerometers were 
embedded into the wall of the housing so that the magnitudes of the signals 
reaching the accelerometers at the instant of impact would not be subjected 
to any significant attenuation. This was necessary because the transmissibilty 
of the signals depends on the material of the mounting and the distance through 
which they have to travel from the source. 
The instrumentation used in the measurement of the impact magnitude 
is described in Chapter 4. Two surface profile measuring systems, one 
for the pin and the other for the bearing bush, were developed and are described 
in Chapter 4. 
4 
2.6 Preliminary testings 
The first stage of the testing was to assess the capability of the 
apparatus to generate the various configurations as had been set out at the 
design stage. The vibratory system was tested over a range of frequencies (3- 
20 Hz ), amplitudes (2 to 20 mm) and phase-angles (0' -180'), and the 
system's characteristics determined under various excitation conditions. 
The second stage of the testing involved placing an accelerometer in different 
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positions on the ball bearing joints in order that any vibration or impact 
resulting from radial or axial play would be detected. It was found that some 
of the locking nuts, which were used at the ends of the ball bearing joints, 
to take up axial play, turned loose after several hours of testing. This defect 
was identified by the accelerometers and corrected by placing a metal strip (q) 
( see Plate 2) across each locking nut and the main shaft, the screw in the 
shaft being offset from the shaft axis. 
A certain amount of preliminary experimental work was carried 
out' in order to. develop the apparatus, the recording equipment and the 
measuring technique to a point where reliable, accurate and reproducible 
measurements could be taken. The overall accuracy of the results which 
has been considered to be acceptable, is ± 5%. The preliminary work also 
involved the calibration of the displacement transducers output signals 
against the graduated readings on the frequency and phase shift dial scales 
. of the function generator. The calibration curves for the two built-in 
displacement transducers are given together with the curves for the frequency 
and the phase-angle in appendix E. From these three sets of calibration 
curves, sufficiently accurate reproducible configurations could be obtained 
for various 'clearance sizes of the test bearing. 
4 
2.7 Choice of bearing material j 
Apart from the test bearing, all movable joints were installed 
with angular contact ball bearings. In the case of the test bearing, the types 
of plain bearings considered were bonded dry lubricated (PTFE ), rubber on 
steel backing, oil impregnated and phosphorous bronze. It was required that 
the test bearing should perform satisfactorily under the following conditions : 
36 
(1) No additional surface boundary lubrication. 
(2) Available in the form of cylindrical shells and manufactured 
with minimum surface distortion. 
(3) The surfaces must be able to withstand large impacting loads 
without the risk of overheating, seizure and excessive wear. 
Although PTFE bearings exhibit a low coefficient of friction (0.03- 
0.1) and have a higher Unit Load -limit (defined as the maximum load which 
can be applied to the surface ) than most metal alloy bearings, being split 
and hence more flexible, their concentricity is affected when pressed into 
a bearing housing. Therefore they were considered unsuitable for an investigation 
concerned with relating accurately impact levels with clearance size. 
Most applications of Dunlop's metalstick rubber to metal bearings 
are in the articulated joints of industrial machinery. They have high load 
carrying capacity, the ability to permit small torsional and angular movements 
in all planes and to function without lubrication. However they were not 
considered suitable for this investigation because of the possible added 
complications the bearing flexibility may induce into the analysis and 
correlation. 
A preliminary series of tests w0. S conducted with phosphorous 
bronze bearingSusing clearance sizes 12.5,50 and 75/Cm, at frequency of 
6 Hz, an amplitude of 10 mm and phase-angle of 180', and the general 
dependence of impact magnitude on the clearance size was observed. However, 
over a numbar of tests that were performed under identical conditions, it was 
observed that several resulted in bearing seizure. Plate 4 shows the damages 
on the pins and the bushes for the three clearance sizes mentioned above. 
It: can be seen that the damage was greatest using an initial 
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clearance of 75µm, lower left in plate, and decreased with clearance size. 
It is evident from the damage shown on the pins and the bushes that the 
regions where impacts occurred were at the opposite sides of the two ends of 
the bearing bush. It was also observed that just before total seizure at the 
bearings, ( for clearance sizes of 50 and 75µm ), the responses of the impact 
accelerations recorded by the accelerometers showed no consistency in the 
occurrence and the magnitude of the -impacts. In fact, the general tendency 
noted was for the impact magnitude to decrease as the damage to the-bearing 
progressed. It can be seen that signs of superficial welding had developed 
on the bearing bush and the pin with a clearance size of 12.5um and that 
the extent of the damage increases with clearance size. 
It is believed that 'in the tests where seizure occurred, dissipation 
of the impact energy between the pin and the bush over a small surface area 
provoked the formation of very high temperature spots. The phosphorous bronze 
bearing has a lower melting point than steel, and therefore its asperties are 
likely to weld and adhere to the pin. This process of welding and tearing 
of the phosphorous bronze asperities continues until the welding accumulates 
over a relatively large area and results in bearing seizure. 
These tests indicated an important problem of misalignment in 
the bearing pin assembly. Although it might not be too serious when the 
clearance size is small, it is likely to have a marked effect on the impact 
behaviour with large clearances. The main source of flexibility in the system 
was the external pressurised hydrostatic sliding bearing at the two exciters. 
Under operating conditions the flexibilities in the supports, in the excitation 
mechanism etc. , could affect the loading configuration at the test joints and 
even an accurate initial alignment of the bearing was no guarantee that 
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alignment would be maintained during the tests. It is clear that any slight 
misalignment in any part of the linkage system, might create stress 
j 
concentrations at the leading edges of the test bearing, ( see fig. 2.7.1 ). 
Fig. 2.7.1 
Further tests using the same clearance sizes with oil added to the 
bearings were found to operate successfully. However, it was felt that it 
would be undesirable to include oil in the investigation without first 
establishing the basic dynamic effects due to clearance size variations aloe::. 
While it was realised that this might not be the general representation of a 
bearing condition in practice, it was considered to be desirable to study 
the dependence of impact magnitude on clearance size in isolation of other 
a 
factors. Consequently , self lubricating material, oil impregnated sintered 
bronze, wt next considered. Bearings in this form are produced by a process 
called hot pressing. The method allows the bronze alloy to be mixed with 
a wetting agent such as cerium, calcium, barium, or silicon in a liquid 
carrier, in this case, oil. Bearings manufactured by this method usually 
have a higher shear strength and better wear resistance than the dry bonded 
PTFE types. One commercially available is 'known as Morgan Reservoil 
sintered metal oil retaining bearings. 
Bearing bush 
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Primary tests using these bearings showed consistent impact 
acceleration responses as displayed on the oscillscope. Oil films were 
seen on the pins and the bearing surfaces after running for five hours, the 
quantity being sufficient to establish some boundary lubrication. But it is 
believed that the behaviour of the clearance bearing was not affected by its 
presence, although there was enough oil being released to produce a surface 
with a low coefficient of friction. ' Tests under different excitation frequencies 
and clearance sizes gave reliable and consistent values for the impact 
acceleration without any appearance of bearing seizure. 
41 
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3.1 Introduction 
Most motion analyses of complex mechanism can readily be solved 
by a standard numerical , procedure on a 
digital computer. In general, the 
essential information to be programmed are the equations of motion and the 
geometric constraints describing the system. These equations can be derived 
from the geometry of the system ( kinematic analysis ) and from the principle 
of virtual work ( dynamic analysis). 
By applying Lagrangian mechanics, Chace ( ref. 7 and 8) developed 
a mathematical technique in which the problem is formulated as a set of 
simultaneous differential equations in the system's relative co-ordinates, 
accompanied by second-order constraints. The equations are linear in the 
second-order terms and are solved by a numerical integration procedure. In 
the analysis that follows, it is shown that this technique. is a suitable method 
to adopt for the study of continuous dynamic and kinematic responses of 
a mechanism with clearance in a bearing. 
3.2 . No-clearance analysis 
A no clearance analysis of a mechanism holds the assumption that 
all joints in the system are ideal ; -chat is, no additional degrees of freedom 
are introduced by clearance in the bearings. 
3.2.1 Kinematic analysis 
A mechanism may be analysed on a kinematic basis using any of 
the methods developed over the last decade or so, ( ref. 9 and 10 ). 
One method and often the simplest is to express the geometric 
arrangement'of the linkages in their vector loop forms. 
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Consider the diagrammatic arrangement of the system as shown in 
Fig. 3.2.1 . The system can be expressed by the vector equations Lai and 
i\. 
Loop La 
S1+S2+S3+V1+S4 =0 
Loop Lb: 
Sl+ (S2+S5)+S6 +V2+ ('S4+S7) =0 
These can be further represented in the form of four scalar equations: 
S1 cos 1+ S2 cos 1'2 + S3 cos 1ý 3+ S4 =03.2.1.1 
S1 sin V1 + S2 sin 1 r2 + S3 sin )ý 3+ V1 =03.2.1.2 
S1 co: Zk 1 -t" 
(S2 + S5) cos 1/1' 2+ S6 cos 'tý1' 6+ 
S4 + S7 =Ö3.2.1.3 
S1 sin Vi+ (S2'+S5)sin 't{i'2+S6sin 'týý6+V2=0 3.2.1.4 
where the symbols are as defined in the figure. By differentiating equations 
( 3.2.1.1 )-( 3.2.1.4 twice with respect to time, the four second-order 
differential equations may be written in the following matrix form : 
.5 
1ýýýýr 3 . 2.1 
(i=I. 
2... 4) 
where L is a4x4 matrix, the elements of which contain the physical size 
of the mechanism and the independent co-ordinates, is a column matrix 
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containing the second-order differentials of the independent co-ordinates 
and {E} is a column matrix containing the parameters 1''s and i/t's, ( see 
appendix B ). The initial values required to start the integration process 
are the displacements and velocities of the links at time t0. A first order 
matrix equation describing the velocity of the system is obtained by 
differentiating equations ( 3.2.1.1 ) to ( 3.2.1.4 ) with respect to time. 
The velocities of the links at time to can be evaluated from this matrix equation, 
substituting the respective initial values of the angular positions of the 
. 
links'. For a. given set of the linkage lengths, the initial angular positions 
are described by the positions of the exciters, the amplitudes and the phase- 
angle. The matrix equation ( 3.2.1.5 ) is then solved numerically giving the 
time-displacement, velocity and acceleration responses for each link over 
one cycle of motion of the system. 
3.2.2 Bearing force analysis 
When the velocities and accelerations are known from the 
kinematic analysis, the dynamic f6rces acting in the system's joints can 
be obtained. The analysis requires the mass of the link-., -, -s, their moments 
of inertia and positions of their centres of mass, and the external forces 
4 
acting on the system. A free body schematic diagram of the experimental 
rig is shown in Fig. 3.2.2 .' 
The general form of the equations of motion can be expressed by ; 
(i) motion of the mass centre 
F=m aC 3.2.2.1 
(ii) motion about the mass centre or a fixed point 
M=H3.2: 2.2 
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These two vector equations can be expressed -in six scalar 
component equations. However, for a two dimensional problem, in the X-Y 
plane, three equations are sufficient to describe the system under consideration. 
Therefore in the scalar form, the equations ( 3.2.2.1 ) and, ( 3.2.2.2 ) become ; 
forces in X direction F=mx 
xc 
forces in Y direction Fy =my 
c 
Mc Ic 
or M6= Io i 
where c is the mass centre, 
where o is a fixed ' point . 
The equations of motion for the rocker, coupler and the cranks 
are given in appendix B. They are expressed in the form of a matrix equation ; 
IBD ]tFDj=jADj 
where 
EBD]are thg system's parameter elements. 
[FD} are the bearing forces. 
. 
and CAD) are the mass and the inertia elements. 
3.2.2.3 
This matrix equation can readily be solved on a computer utilising 
matrix inversion and the Kutta-Merson numerical procedures both of which are 
available as standard subroutines. 
3.3 Clearance analysis 
When a conventional method, involving a geometric constraint 
formulation, for the analysis of both the kinematic and dynamic behaviours 
of the mechanism is applied to the same system including clearance at one 
of the joints, then it is found that the number of unknowns exceeds the number 
of equations.,. This is because the clearance has added a degree of freedom 
48 
to the system. 
3.3.1 Introduction to the mathematical formulation 
The necessity to obtain a sufficient number of equations specifying 
completely the position of each component part of the system has led to the 
possibility of using the energy method as an alternative to the geometric 
constraint formulation. Chace developed a mathematical technique in which 
thesanalysis of a time-dependent, highly constrainer., multiple degree of 
freedom mechanical system can be formulated as a set of simultaneous 
Lagrangian' differential equations in the system's relative co-ordinates 
accompanied by Lagrangian multipliers. The Lagrangian procedure is 
essentially based on the scalar quantities of the mechanical system : the 
kinetic energy, the potential energy and the work done by the non- 
conservative forces. Each of these can be expressed usually without difficulty 
in the system is co-ordinates. Although the- derivation of the differential 
equations from the Lagrangian equation is relatively simple, the arith,. matic 
of the formulations can be lengthy and quite complex. 
The conventional form of the Lagrangian equation is given by 
equation ( 3.3.1.1 ) 
aa T-v _ dt a qi 
T-V 
aqi - 
Qi (i= 1,2..... n ) 3.3.1.1 
4 
where T is the total kinetic energy of the system. 
V is the work done by the system on the conservative field forces. 
Qi is defined as the generalised force. 
It requires the use of independent generalised co-ordinates qi 
to. define the system's position. In certain cases where the constraint 
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equations are too complicated to allow the elimination of variables, then by 
introducing dependent variables, known as the Lagrangian multipliers, Xj, 
to each constraint function, it is possible to consider the system in terms of 
dependent co-ordinates. 
Then the equation given above is modified for use with the , 
dependent co-ordinates' tp 's and is expressed as ; 
"di T-V-F- ýýjj- _aC 
T-V-F- 
dt öt1 a =0 
3.3.1.2 
where F is the work done by the system on the non-conservative field forces. 
are the Lagrangian multipliers. 
qj are the constraint functions. 
The Lagrangian multipliers allowed the mesh constraint functions 
of the system to be defined with respect-to the independent co-ordinates 
used in the energy terms. At the same time, they aläo represent the forces 
required to maintain the system to move under the constrained path. 
The total number of second-order differential equations necessary 
to determine completely the system's motion is (i +j). Equation (3.3.1.2 ) 
produces (i) equations and (j ) equations are provided by writing the 
r 
constraint functions in their second differential forms. 
The system to be analysed is basically a seven-bar mechanism. 
Clearance being considered to exist only in the bearing that joins the rocker 
and the coupler. The Lagrangian multipliers in this particular system represent 
the force components applied on the two ends of the cranks by the exciters so 
as to maintain the crank's joints on the exciters. Hence, they are also the 
input forces from the exciters to drive the mechanism. The technique has also 
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been used to formulate the equations of motion of the system without 
clearance. The numerical results of the dynamic equations have been found to 
be identical to those obtained from the geometric constraint equations. Hence, 
the characteristics are fully determined by the instantaneous kinematic state 
of the system. By using the methods described in sections 3.2.1 and. 3.2.2., 
all solutions for the no-clearance analysis are obtained. 
3.3.2 Equations of motion 
The system with clearance is shown in Fig. 3.3.2. The' clearance 
link ' being described by a massless link of constant length connected between 
the rocker and the coupler. The analysis is concerned with the motion 
during which the rocker and the coupler are in contact, and it ceases to be 
applicable when contact is lost. 
The vector equations describing the geometric arrangement of the 
seven bar 1in'rage are : 
S1+s 
r 
+S2+S3+S4+V1=0 
s +s +s +s +s -, -s +v =0 
which can be represented in the form of four scalar equations. 
(1) Sr cos 1/t 
r+ 
Si cos 0 
\- i=1 
(2) Sr sin V1r+ Si sin *1 +V0 sin (Wt+ ©)=0 
i=1 1 
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(3) Sr cos 
2 
t/ti+ SiCos 
i=1 
ýýf S, Cos 
ý ii i=5 
(4) Sr sin 'Irr +Si sin 1ýr + S. sin + Vo sin ((, fit + e2 )=0 ý" 
i=5 1 
which are respectively the four constraint functions ý1, ý 2' 77 3 and 77 4* 
The kinetic energy T of the system is given by 
(2MV*A +2Ii ý, ) 
ss 
and the total work done by the system on the conservative field forces V is'` 
given by 
V (Might )+Vs 
c 
where Vs is the work done by the system on the spring forces. 
The spring forces are assumed to be linear, i. e. proportional to 
the' extension of the spring from its free length and having a constant spring 
stiffness k. s 
Therefore for a linear spring load acting on the rocker, Vs is given 
by 
2 (Ts - ksSk sin tý11 ) Sk sin 7" 1 
ss 
where Ts is the initial preload tension. 
The non-conservative work done F by the system; e. g. viscous 
damping or frictional forces in the bearings are assumed to be zero. 
Expressions of T and V for the system are given in appendix C. And 
the application of each of the independent co-ordinates ý1 i to equations 
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(3.3.2.1)-(3.3.2.7) 
Equation on Y1 
HR i1+ Zcos( l 
)ýIr- Z1sin(Vr 1)7"r 
+ Z2 cos (4t 2- 7' 12- 
Z2 sin 
s (7' 
2 1) 2 
+Z3 cos (1 3 'P1 r3 
Z3sin ('i`13 1) 3 
+Z4 cos ('Y6 'Y 1) 6 Z4s 6 ý"1 6 
+ MRS1 cos 1' 1g -t 
( Me + My + 
1 
My ) S1 cos Vg 
2 c 
+X 1S1 sin 1' 1+A 2S1 cos ij. c 1+ 
X3S1sin 
+N4 S1 cos I1' 1=0 
3.3.2.1 
Equation on Yr 
Hr Tr± 
Z1 cos (rr )1+ Zl sin (T rr 1) r1 
+ Z5 cos (ýJ 2- r) 2 
Z5 sin (' s2 'tý! ' r 
'1 2+ Z6 cos 'lJl3 r) T3 
-Z6 sin (týl 3 
*23 + Z7 cos ('y1' 6 
2 
týtr) *6- Z7 sin (116 't'r 'tý 6 
+ + (Me +m i M)Sr cos (Ir g+ 
41Sr sinl fr+X2Sr Cos )t r 
l 
3Sx, sin t11 r 
+A 4Sr cos 
lI 
r=0 3.3.2.2 
Equation on 1/52 
.Z 
He ý 2+ 
Z2cos (V2 1) 1 
Z9 sin 'iV3'6 2) T6 
2 
+Z2 sinV21) r1+Z5 cos 
1P 2 
Vr)*r+Z5sin('tVJ'2 'r 
3+Z9 cos 
(116 2) 6 +Z 8 cos 
(113- 'f2)*3- Z8sin(1ý13 12 11' 
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+ (MeS2c + Mv152 + Mv2(S2 + S5 ))g cos 1P2 + N1Slsin Y2 
+X 2S2cos 
V' 
2+X3 
(S2 + S5) sin Y2 
+ X4(S2+S5)cosY2=0 
Equation on V'3 
Hv 3+Z3Cos(73 
Y1)'tflI+Z3sin (tý3 1) T1 
i 
+ Z6cos (tý13- r r+ 
Z6sin (tf13- * 
r) rr 
+ZScos (7'3-'2) 2+ZSsin(ý13 2 2. 
+M S3 cos 1/13 g+X 1S3sin 1f3+X 2S2Cos 
1/' 3=0 
.1c 
4 Equation on 'tý 
o=o 
Equation on tý1' 6 
Hv 7"6+Z4cos('t}1'6 
)-'l +Z4sin ('ý6 T1) rl 
2Z 
+ Z9 cos ('t1'6 'Y2) r2+ 
Zg sin ('ý'6 2) 7" 2 
2 
+Z7 cos (IP6- r) Tr+Z7 
sin? 6- )'r)ýr 
y 
'tfl'6 +m S6 cos 'ý1 6g+X 3S6 sin 'tjl 6+7 4S6 
cos 
2c 
Equation on Y7 
0=0 
where 
HR 
_ 
(% 
c+ 
IR+ (Me+ Mv 
1+ 
Mv2 ) S1 ) 
'M 
3.3.2.3 
3.3.2.4 
3.3.2.5 
3.3.2.6 
3.3.2.7 
gr = (Me + Mv1 + Mv2 ) Sr 
He=(Ie+McS 2 +M' S2+M v 
(S2+S5 )1 ) 
cv12 
Hv = (Iv +M 
yS3) 111c 
Hv ° (I +MS6) 
2v2v2c 
Zl =(Me+Mv1+Mv2)S1Sr 
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Z2 = (M eSS. 
+M 
v1 
SjS2 +M 
VZ 
S1(SZ + S5) ) 
Z3 =(M v 
SiS3 ) 
1c 
Z4 = (Mý SiS6 
2c 
Z5 =(MeS2 +My S2+. My (S2+S5))Sr 
c1Y2 
z 6 =(MýS3s 
) 
r 1c 
Zý = (Mv S6 Sr ) 
2c 
z8 = (Mv S2S3 
1c 
Z9 =; ( My 
2 
(S2+-S 
5) S6 
) 
c 
A 
A 
'Four further equations are required and these are-provided by 
writing the constraint functions in their second-order differential forms. 
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4 
Aj = d2(SrcosVr+ý SicostjJ1)=0 3.3.2.8 
dtZ dt i=1 . 
4 
= d2(S sinlf +S 
isin'tr1'+Vosin(Wt+ 
e1))=0 3.3.2.9 
dt2 
2 
de rr i=1 . 
27 
d2(S cos tý+S, cos i/ji+S3.3.2.10 
dt2 3 dt2 rr i= 1 i=5 
27 
dd = d2(S sin tý1 +S sin +S sin ''! r ii 
_5 
i7i z4 de rri dt 
+V sin(( t+ 6 2))=0 3.3.2.11 
Equations 3.3.2.1-3.3.2.11 are linear in the second-order 
terms l1 and in the terms X 1, 
X 
2, 
X3 and A 4, and can be represented 
by a 11 x 11 matrix equations of the form : 
[WEJ(1= frE) 
3.3.2.12 
It can be seen that there are effectively nine equations and nine unknowns 
as 1I4 and 1/I and their time derivatives are zero. ( See appendix C)7 
4 
3.3.3 Clearance bearing force analysis 
The bearing force analysis of the system with clearance'is similar 
to that without clearance, except that the kinematic equations for the system 
are now described by the co-ordinates and their time derivatives obtained 
from the clearance analysis. Hence the matrix equation 3.2.2.3 is equally 
applicable in this case provided that the acceleration components of each 
linjc's mass centre ( see appendix B) are given by the following sets of 
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second-order kinematic equations ; 
Rocker : 
XaR = d? (S1 Cos 't/tl 
c dt c 
YaR = d2 (Sl sinl/1'1 ) 
c dt2 c 
Coupler : 
Xa =d2 S1 cos + Sr cos 'ý1 r+ 
S2 
c 
cos 
ec dt2 2 
Ya* = d2 (S1 sin 't 1+ Sr sin 't1 r+ 
S2 sin'tt2 
ec dtv c 
Crank VI 
XaVi ät2 (S cos ý1 1+ Sr cos 
l' 
r+ 
S2 cos 112 + Sac cos /t 3) 
C 
yawl =ät2 (S1 sin 'tj1 1+ Sr sin't r+ 
S2 sin V2 + Sac sin t'13 ) 
c 
Crank V2 
(S1 cos Sr cos 'y1'r + (S2 + S5 ) cos 2+ S6 cos 't16 2 
av= 
ýdý c c 
Ya cd2(Ssin+S sin71` + (S +S )sin +S sin ýýr ) v2 dt Z1 7' 1rit25V2 6c 6 
c 
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3.3.4 Initial conditions 
Before the matrix equation 3.3.2.12 can be solved numerically, 
the conditions describing the state of the system at some time must be 
established. 
Two assumptions can be made concerning the motion characteristics 
of the clearance link itself. 
(1) In the d. c. p. ( dead -centre-position) , the angular position of the 
1 clearance link ' will be assumed to correspond with the direction of the 
force at the rocker-coupler connection for no clearance. This assumption 
means in effect that the initial value of the angular position of the ` clearance- 
link ' is dependent on the dynamics of the system. 
(2) As the length of the ' clearance-link '. is very small compared with 
the length of the other links, it would seem reasonable to assume that when 
the rocker and coupler are in line, 'i. e. d. c. p., the angular positions, 
velocities and accelerations of the rocker, coupler and cranks are the same 
as for the case when no clearance exists. This being so, then in the d. c. p., 
the ' clearance link ' has, a translatory motion but no rotationary motion. 
In an attempt to verify the above assumption, the computer program 
for the clearance analysis, having the initial conditions for the displacements 
and velocities of the rocker, coupler and cranks at d. c. p. position obtained 
from the no-clearance analysis, is used to compute the angular positions 
of the 'clearance link ' at which both its angular velocity and its angular . 
acceleration are zero. 
It is shown that there are two possible angular positions for the 
1 clearance link '1l and 1 2, at which it has only translatory -notion, but no 
rotationary motion. I2 is equal to Il + 7T' . The values Il and I2 may be shown 
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to be the same as the directions of the forces obtained from the no-clearance 
analysis. 
Therefore, the directions of the force on the rocker at d. c. p. are 
given by ; 
Il ( clearance analysis = tan 
1( 
Fly / Flx ) (no-clearance analysis ) 
IZ (clearance analysis = tan -1 ( Fly / F1X) + 'jj' (no-clearance analysis ) 
The correct choice for the initial angular position of the ' clearance 
link ' as applied to the experimental rig is determined by the direction in 
which the rocker is being rotated from the d. c. p., i. e. anticlockwise or 
clockwise. Fig. 3.3.4.1 shows the two geometrical configurations of the 
' clearance link ' in the test bearing which has its bush on the rocker and 
pin on the coupler. Hence for the condition shown in (1), the initial contact 
position of the ' clearance link ' at d. c. p. is given by Il, and 12 for the 
condition shown in (2). However, should the clearance bearing arrangement 
on the system be reversed, i. e. pin on the rocker and bush on the coupler, 
12 would then be used instead of 11 for the anticlockwise and vice versa 
for clockwise rotation. In this study, Il is used to calculate the initial 
position of the ' clearance link ' in all cases. 
From the graphs ( 3.3.4.2 )-( 3.3.4.5 ), it can be seen that Il 
and 12 vary with the excitation frequency and the linkage parameters, e. g. 
the position of the exciters and the position of the mass centre of the coupler, 
indicating the angular position of the ' clearance link ' is dependent on the 
dynamic characteristics of the system. 
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(1) Anti-clockwise direction 
Clearance link position given by I 
(ii) Clockwise direction 
Clearance link'position given by 12 
Fig. 3.3.4 .1 
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3.3.5 Numerical technique and computer program 
An analogue computer was not used in this investigation because 
it could not provide the accuracy required in the integration process. Also as 
a large number of equations were to be solved simultaneously, it was found 
to be easier to have the equations programmed and solved on a digital computer. 
The particular numerical subroutines used to solve the equations 
are ; 
(1) Matrix multiplication, 
(2) Inversion of a square matrix, 
(3) Kutta-Merson integration procedure . 
The mathematical background of the numerical technique can be 
described as follows : 
Consider a set of n differential equations describing the equations 
of motion of the system in the n unknowns of I18 
*2 
0"000 ''i' 1' 
'A 
2''' 
... xj where n=i+ j. 
all 7' 1+ a12 
*2 + """"°' all 7' i+ alj 
Xj= h1 
a21 7' 1+ a22 2+ a2i Ti+ a2j 
X2 
a+a+.......... a+a- nl 1 n2 7' 2 ni Ti nj j- 
hn 
where the coefficients ani, anj and hn are known time-dependent coefficients 
in the terms of /' 's and '/I's. These equations can be written in the matrix 
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form as; 
all a12 """""aln rl 
hl 
a 21 22 a .......... a 2n 12h 2 
" i 
" 1 
and 
.. 
ant 
".. 
"......... a nn 
2 
". 
hn 
pre-multiplying both sides by the inverse of the square matirx 
rA1 
Ti 
. FA 1-1 1A 1 4A { h} . 
1-1 
xi 
which gives 
- Ti 
=[ Ah 
Xj 
since 
A 
l-I 
A=I 
J 
3.3.5.2 
( unit matrix ) 
Now the values of 1&i, N 11 
X2... h to be found directly by 
evaluating[ A 
1_i 
h 
Having obtained the acceleration terms *V it is then possible 
to integrate 1ý1 i's over a small time interval to give the velocity and again 
to give the displacement. 
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The method chosen for the numerical integration of the differential 
equations is the Kutta-Merson , described by Fox ( ref. 11) which provides 
automatic internal adjustment in order to reach a specified accuracy using an 
optimal step size. This minimises the solution time. 
A flow diagram for the clearance analysis is given in Fig 3.3.5 . 
The system parameters are read from the data. These are the linkage dimensions, 
positions of the centre of mass, linkage masses, moments of inertia, spring 
stiffness, exciter amplitudes, frequency, phase-angle and. excitation 
positions. The initial values of the angular positions and angular velocities 
of the linkage are computed for the geometric constraint equations and the 
same values are used to compute the angular position of the ' clearance 
link ' at which both its velocity and acceleration are zero. This completes 
the required initial conditions to solve the differential equations. The values 
of and obtained at the end of each integration time step proceed 
into the force analysis program for the evaluation of the forces acting at 
the bearing joints. The whole process is repeated until a complete cycle 
of motion has been analysed. The results from both the motion and the force 
analyses can then be directed onto the line printer or the graph plotter. 
The clearance analysis described above will be used, as shown 
in Chapter 5, to predict the dynamic response of the experimental rig with 
different clearance sizes at the clearance bearing joining the rocker and 
the coupler. Being based on the previous experience gained from the 
computer analysis of a four-bar linkage with different clearance sizes, it 
was known that if all the dynamical configurations were to be examined 
theoretically by computation, it would be time consumning and very costly . 
It was therefore decided to first carry out experiments involving the 
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determination of the occurrence of contact lost at the clearance bearing, 
and then to compare specific results with theoretical predictions. 
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Fig. 3.3.5 Flow diagram for clearance analysis 
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CHAPTER FOUR 
INSTRUMENTATION 
71 
4.1 Introduction to the measurements of pin and bush profiles 
In the present investigation, it is required to know for the pin 
and the bush their diameters, surface roughness and roundness. In this 
particular experimental set up, there are several requirements concerning 
the nature of the measuring operation that need to be satisfied. They are 
listed as follows : 
(1) the measuring equipment used should be capable of measuring curved 
surface profile variations in the range of 2-125 jim. 
(2) the equipment must be capable of carrying out measurements in situ, 
i. e. the bush must remain within the housing while profiles are being 
taken. 
(3) the, measuring operation must not disturb any pre-arranged mounting 
positions of the links. 
An instrument available commercially for cylind. rical surface 
profile measurement is a Taylor-Hobson ' Talyrond '. It is capable of 
measuring surface variations to an accuracy of a few hundredth of a micron, 
which is well within the operational limits specified in (1). Had such an 
equipment been available during the course of this work, its operational 
features, (it is vertically mounted) would not allow measurements to be 
carried out as required under conditions (2), and (3). To meet the above 
requirements, two measuring systems were devised ; one for measuring the 
pin and the other for the bush. The latter was mounted on the vibration 
isolation platform ( see Plate 1, Chapter 2) and positioned near to the 
experimental rig and the former was constKucted on a flat working table in the 
laboratory.. ' 
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4.1.1 Design and use of the pin profile and clearance size measuring 
system 
The general view of the measuring system is shown in Plate 5. 
It consists essentially of a Vee-block (a) on which the test pin (b) 
rests horizontally underneath a vertically mounted capacitance probe (c). 
The latter was clamped on a carriage (d) located beside the traversing stand (f) 
The axial and angular positions of the probe in relation to the pin surface 
were indicated by the pointers on the dial gauge (h) and the protractor (j) 
respectively. 
A capacitance probe was chosen because it operated without 
"physical contact, hence the pin surface profile is in no way affected by 
its use, and because of its suitable range and accuracy, i. e. distances 
between 2.5 to 250 jim to within ± 5%. 
The Wayne Kerr distance meter amplified the signal from the 
capacitance probe and gave a proportional indication of the distance on 
a calibrated milliammeter which displayed the recording digitally up to four 
significant figures. The particular probes used in the measurement were 
type MB1 and MCI, for clearances smaller and larger than 75 jim 
respectively. The clearance size was calculated from the differences between 
the mean values of Yd's at three positions along the clearance region and 
the mean values of Zd's on the pin A see Fig. 4.1.1 ). 
Similarly, the pin profile was also measured circumferentially 
at the same three positions along the axis of the clearance region before 
and after each experiment. 
The complete measuring circuit is shown diagrammatically in 
Fig. 4.1.1 
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4.1.2 - Design and use of the bush Profile measuring system 
The general set up of the bush profile measuring system with 
the experimental rig at the background can be seen in Plate 1. 
The measuring system layout is shown diagrammatically in 
Fig. 4.1.2.1 . The measuring transducer used was again a capacitance 
probe, which was carried inside a tube of diameter 20 mm. The tube, 
containing the probe, had its outer surface threaded and was screwed into 
a barrel of length 80 jam and of diameter 30 mm. This enabled the distance 
between the capacitance and the deflection plate on the pick-up device to 
be accurately adjusted and locked in position by tightening a grub screw 
through a hole from the barrel. The barrel would be revolved manually in 
a Vee-block which was mounted on a traversing table. The latter allowed 
the complete supporting structure to be moved horizontally by turning a 
graduated handwheel. 
A nylon pad, mounted on a framework which extended from the 
side of the Vee-block, was pressed evenly onto the barrel by rubber bands. 
A collar with a pointer could be locked at any of three tapped holes (A, B, C) 
on the barrel while a protractor was concentrically mounted behind the pointer 
on a perspex casing in which the complete barrel was enclosed. 
The tapped holes on the barrel represented the corresponding 
axial position of the stylus in the bearing bush where the profile measurement 
was to be taken. By means of the knob at the rear end of the tube, and with 
the collar locked on the barrel, the complete assembly could be revolved 
manually at a fixed axial position on the Vee-block. 
A photograph of the pick-up device is shown in Plate 6. 
The deflection pointer (d) with its stem (s) at right angle to the 
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stylus (a) was fixed at one of its ends and to a rigid block (b) mounted on 
a short leaf spring strut (1). From the same rigid block, a longer leaf spring 
strip (p) was fastened and placed across the diameter of the perspex disc (e) 
onto another strut (1) of the same type. At the forward end of the stylus arm 
a flat steel strip (f) was soldered with its other end also fixed to the mid- 
span of the leaf spring strip where a piece of flat brass plate (m) of size 
10 x8 mm was rigidly attached. This brass plate, mounted on the strip, 
was positioned parallel to the surface of the capacitance probe (n). Provided 
that the surface profile variations were not too large, the brass plate would 
move in a substantially straight line and provide an acceptable plane 
relative to which the up and down movements of the stylus could be measured. 
The change of distance between the. probe and the brass plate surfaces gave 
the relative level of the surface variations of the bearing bush in the housing. 
The calibration curve for the pointer deflections against the probe 
readings is shown in appendix F. 
Plate 7 shows the arrangement of the complete transducer system 
" as assembled in the apparatus in relation to the bush housing on the rocker. 
The measuring technique employed with this transducer was 
identical to that used for the pin. The variations of roundness at different 
angular positions of the bearing bush were detected by the pointer's 
movement. Its radial movement was magnified by 1.82 times at the brass 
metal piece by the spring leaf whose deflection relative to the probe surface 
was measured as an axial displacement. The change in capacitance was 
directly displayed through the Wayne Kerr distance meter on a digital 
milliammeter. The capacitance probe used was of type MC1. The measuring 
circuit is shown diagrammatically in Fig. 4.1.2.2. 
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The above set up had four disadvantages : (1) In order to ensure 
that the stylus' deflection is fully taken up by the leaf spring, a short rigid 
pointer-arm was used. For this reason, the mechanical magnification ratio 
obtained was small, However, it was considered sufficient for the present 
purpose. (2) The signals from the distance meter could not easily be 
amplified electronically, however, this did not mean that the accuracy of 
the measurements was lower than-considered necessary, (3) The transducer 
system was manually operated and thus reproducing polar charts for different 
angular positions proved to be very time consum 'ing. (4) The appropiate 
sensitivity range of the capacitance probe used is dependent on the 
distance between the probe axis and the bush axis. In general misalignment 
between the bearing and the probe centres required the larger range probe 
of 250 jim to be used. 
4.2 The measurement of the impact acceleration 
Accelerometers used in the measurement of shock loads need to 
have a high 'g' capability, response. - to a wide frequency range and have 
a linear frequency response. Similarly, the associated equipment niust also 
have these characteristics. Endevco accelerometers ( model 226C ) and 
charge amplifiers ( model 2730 ) have linear and flat responses to shock 
amplitudes up to 200g, together with a phase-shift of less than 3% in the 
frequency range of 2 to 5 kHz. 
A block diagram of the measuring equipment is shown in Fig. 4.2.1 
The charge amplifier converted the signals recorded by the accelerometer 
into normal voltage signals which had been magnified according to the full 
scale range in 'g' selected. The signal from each accelerometer was fed 
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through a switching box which was in turn connected to three recording 
devices, i. e. oscilloscope, peak hold circuit and U-V recorder. These 
three measuring systems are shown in Plate 8. 
1. Oscilloscope : 
The signals from the charge amplifier were fed to a double beam 
oscilloscope so that the two directional components-of impact acceleration 
could be observed. Band pass filters were used to study the transient 
responses of the pulses. The signals were constantly monitored by the 
oscilloscope. 
2. Peak hold circuit : 
In the course of developing the measuring technique, an electronic 
circuit was constructed to display the peak value of the impact acceleration 
signals. Although this type of circuit is generally used in Laser work (ref. 12 ) 
the principle of the circuit design may also be applicable to shock 
measurements. 
The requirements for the circuit are : 
(a) It should be able to give an output which was proportional to . the 
peak value of the input pulse. 
(b) It should be capable of capturing the height of a pulse which might 
last only 50,4s. 
(c) Its decay rate must not fall faster than 1% /s giving sufficient 
time to record the readings on a digital voltmeter. 
(d) It must be capable of reading both the positive and the negative pulse 
heights. 
The peak hold circuit diagram given in appendix G was linear 
between 10 my and 6v and was operated in conjunction with the digital 
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voltmeter (Solartron model A 200 ) for measuring the maximum impact level 
over one cycle of motion. 
3. U-V recorder : 
Apart from measuring shock levels, the U-V recorder was also 
used to identify the point where contact was lost in relation to the angular 
position of the rocker and the positions of the exciters. In order to ensure 
that the shock responses might be effectively recorded, it was necessary 
to select galvanometers which had a wide flat'frequ6ncy responses since 
only a flat, response characteristic would enable the galvanometers to follow 
accurately the various frequency components of a complex waveform. 
The manner in which a galvanometer responds ' to a sudden current 
rise, such as an impulse, depends upon the damping ratio. It was recommended 
by the manufacturer that the damping ratio to a step function should be around 
60-64%. Preliminary calculations, taking into account the galvanometer's 
natural frequency, its maximum safe current and tho range of flat frequency 
response, had showed that galvanometers of type B 3300 and B 5000 which 
are available from S. E. Laboratories (Engineering j Ltd. are suitable for 
this work. 
The calibration tests for the galvanometers against different 
4 
known square wave input (10mv-5v) had shown that an error of 6% was 
achieved through direct measurements of the pulse heights on the recording 
paper, while the same voltage' recorded on a digital voltmeter through the 
peak hold circuit indicated an error of less than 1%. 
The reasons for operating the three measuring systems 
simultaneously in the recording of the impact level were 
. 
(a).. The oscilloscope could give a quick visual indication of the impact 
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level, thus allowing the gain range on the charge amplifier to be 
changed in order to provide a compatable voltage for the peak hold 
circuit and the U-V recorder. 
(b) The peak hold circuit gave a digital read out of voltage which was 
proportional to the impact acceleration. 
(c) the U-V recorder provided pictorial traces of the impact level at 
different conditions of the system's motion. This proved to be useful 
in determining the existence of a non-impac"ing state whereby the 
peak hold circuit could not provide for voltage lower than 15mv. 
4.3 The'running-in' procedure 
Any changes in surface profile could affect the effective clearance 
size which could in turn give rise to inconsistent impact magnitudes. Therefore 
initially, a series of trial tests were conducted in order to develop a 
''running-in ' procedure and to estimate the average ' running-in ' time 
before repeatable measurements could be taken. Furthermore, it was necessary 
to assess how changes in the surface profile, after having completed the 
' running-in ' have affected the effective clearance size. 
The general procedure was as follows. The pin and the bush were 
e 
both cleaned with carbon tetrachloride and their profiles measured. The 
impact level was recorded on the peak hold circuit and the U-V recorder at 
30 minutes intervals for the first four hours and then at intervals of 2 hours. 
At, the end of each, interval, the pin and -the bush were cleaned and a naw 
set of profile reading taken. A time history of the changes in surface profile 
of the, pin and the bush were plotted. The maximum impact level in 'g' was 
also calculated at each time interval. 
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A series of tests wccg performed using five different clearance 
sizes with the system oscillating at a frequency of 7 Hz, phase-angle of 
1800 and an amplitude of 17.5 mm. The magnitude of the impact acceleration 
and the rate of change of surface profile were found to be the factors on 
which the time required for the bearing to have'run-in depended. A number 
of tests was also carried out at the excitation frequencies of 5 and 6 Hz. 
The six figures 4.3.1 to 4.3.6 are examples of*the results of 
the surface profile variations, for a clearance size of 50 um at the three 
measuring points , 
(A, B, C) along the pin and the bearing bush surfaces, 
over a total ' running-in ' period of 13 hours. It can be seen from these 
figures that there was an increase in the pin diameter and a decrease in the 
bush diameter during the first three hours of the test. The average variation 
over that period was about 6 jim for the pin surface, 8 pm for the bush 
surface. From the 4th hour onwards, their surface variations appeared to be 
unchanged, as shown in the figures by the lines which formed a bandwidth 
of 4 um. It was also found that there was little difference in the size of the 
clearance measured before and after the ' running-in ' period, ( less than 
3 11m). The ' running-in ' process was. repeated for clearance sizes of 
75 and 125 um, and similar results were obtained although the time taken 
before a steady surface profile was formed was about 6 hours.. 
The variation of the maximum impact acceleration with time is 
given in Fig. 4.3.7. It can be seen that there was a gradual drop of impact 
it 
level during the first three hours of the ' running-in ' process and,, attained 
a constant value of 1.8 g by the end of the 5th hour. Thus it is suggested 
that the minimum ' running-in ' time required for each sintered oil retaining 
bearing is about 7 hours. 
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4.4 Experimental procedure 
Five different dynamic configurations of the system were considered 
in the present investigation. DC1 describes the state in which no additional 
inertia masses or springs are attached to the system. DC2 and DC3 refer 
to an inertia mass of 1.5kg clamped on the coupler at distances of 0.48 m 
and 0.14 m from the test bearing respectively and DC4 and DC5 refer to a 
preloading tension on the rocker of 47.5 N and 55 N respectively. 
The excit&tion frequency range tested was between 4 and 7 Hz,. 
with clearance sizes between 12.5 and 125 Jim. The oscillatory peak to 
peak amplitude. V0 for each exciter was fixed at 17.5 mm for all tests. At 
each configuration, the phase-angle was varied between 0°and 1800 in steps 
of 200 . When a phase-angle change was made, the system was run for- 
about 5 minutes to ensure that it was. running at a steady state. Recordings 
were taken from the U-V recorder and the peak hold circuit. This procedure 
was repeated for the range of frequencies and phase-angles for the five 
dynamical configurations and for the range of clearance sizes. Throughout 
the course of the test, a"total of 1000 experimental results were recorded. 
The flow diagram, which is shown in Fig 4.4.1 , explains the 
general procedure undertaken when the impact acceleration at different 
conditions of the system wccg recorded. 
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CHAPTER FIVE 
CORRELATIONS OF THEORETICAL AND EXPERIMENTAL RESULTS 
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5.1 Introduction 
In Chapter 2, the design of the experimental mechanism was 
described and its functional characteristics tested. The system was shown 
tobe sufficiently versatile so as to allow the system's parameters ( both 
geometrical and dynamical) to be changed over a wide range. In Chapter 3, 
equations of motion describing the behaviour of the experimental system were 
developed for conditions when the clearance bearing joining the coupler and 
the rocker is in contact. In Chapter 4, the measuring technique for the 
determination of the occurrence and -the magnitude of the impacts was developed 
and the experimental procedure was outlined with particular reference to the 
' running-in ' procedure. The ' running-in ' time required for each bearing 
bush before any repeatable measurements could be taken was determined. 
This Chapter discusses the predictions obtained from both the clearance 
and no-clearance analyses and the results are compared with the experimental 
responses. 
5.2 ; Theoretical results 
Earlier in this work, -before the completion of the experimental 
rig, a computer modeling was carried out for a four-bar mechanism having 
clearance at a bearing using the Lagrangian mechanics, ( dynamic and 
kinematic analyses ). A similar- modeling procedure was employed for the 
experimental rig (a six-bar mechanism) in which the effects of the bearing 
clearance on the kinematic and dynamic responses of the links were 
investigated. Similar characteristics in the motion of the links to that found 
in the four-bar mechanism were obtained, i. e. small cyclic variations 
in the angular motion of the links over and above their mean variations, 
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and an increase in magnitude and frequency of the cyclic variations of the 
1 clearance link ' angular acceleration when contact at the clearance bearing 
is lost. Therefore the conclusions drawn from the study of the four-bar 
mechanism may equally be applied to the experimental rig. ( See appendix H ). 
In this Chapter, dynamical configuration DC3 with a phase-angle 180' is 
chosen for a study in which the clearance analysis is applied to the 
determination of the occurrence of contact lost at the bearing for different 
clearance sizes and excitation frequencies. The mean variation of angular 
displacement of the ' clearance link ' with time for the system with clearance 
sizes of 12.5,50,75 and 125 µm at the bearing are compared with the 
direction of the forces on the rocker obtained assuming no clearance. The 
results are shown in Figs. 5.2.1 -. 5.2.4 with the variations of the direction 
of the forces on the rocker represented by the full line computed over one 
complete cycle. All the results from the clearance analysis were evaluated 
from the dead centre position, using initial condition Il, through the cyclic 
motion to beyond the points at which contact loss between the coupler and 
the rocker is believed to have occurred. The time taken to complete a 
clearance analysis for one clearance size varied approximately between 
100-200 times that taken for a no-clearance case and also required a relatively 
much smaller step length in order to achieve the same order of accuracy. 
Smaller clearance sizes, demanding a high-accuracy required a longer computing 
time. 
In the four figures 5.2.1-5.2.4, it can be seen that there is no 
difference between the mean variation of the angular displacement of the 
1 clearance link ' for the range of clearance sizes considered and the no- 
clearance analysis up to the point when contact is lost. Small cyclic 
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fluctuations of the ' clearance link ', as discussed in appendix H were 
present, but have not been shown in these figures. It is observed that beyond 
the point where contact is lost, (a) the clearance curves diverge from the 
no-clearance curve at a rate depending on the clearance size, and (b) as the 
clearance size decreases, the time during which contact is maintained in the 
bearing joining the rocker and the coupler increases. 
The greatest. rate of change of force direction for no-clearance 
occurs at a frequency of 5 Hz, Fig 5.2.2, when the Force direction ( full 
line ) in the-early half of the cycle of motion changed from 10' to -165' in 
0.16 inillisec. This rapid rate of change of force direction suggests that a 
high rate of change of force magnitude must have occurred which usually 
takes place when the polar force plot Passes through or near to the origin. 
For all the clearance sizes considered, it was also found that 
. the clearance curves separated from the no-clearance curves at the point 
where contact is lost for the angular displacem. ents, velocities and 
accelerations of the rocker, coupler and cranks. 
Analytically, the condition for contact lost is defined as when 
the polar force plot passes through zero. However, physically, this definition 
would also depend on. how small the force magnitude can be before it may 
C 
be considered to be zero, i. e. when the force magnitude approaches very 
close to zero, it, may be assumed to be negligible, yet mathematically not 
exactly zero. This in turn suggests that there is a physical limitation to 
what constitutes the conditions for the definition of contact lost when the 
force magnitude is not absolutely equal to zero. Thus it seems reasonable 
to believe that the rate of change of force direction when the reaction force 
is at its lowest level also plays a part in determining the mechanism of 
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contact lost. 
Fig. 5.2.5 gives the four no-clearance polar plots ( for frequencies 
from 4 to 7 liz ) of the vector forces on the rocker at the coupler-rocker 
connection through one complete cyclic motion. It can be seen that only the 
plot at 5 Hz passes through zero and therefore based on the definition given 
above, contact lost would have only occurred at this frequency. 
The polar force plots, when a clearance exists, are the same as 
for the no-clearance polar force plots, Fig. 5.2.5, between D. and the point 
X where contact is lost. It can be seen that the points X are not at zero, 
i. e. the force at the point where contact is lost is not zero. Provided the time 
when the clearance curves separate from the no-clearance curve can be 
interpret#Ked as the point where contact lost has occurred, the clearance 
analysis does suggest that the bearing force magnitude from the no-clearance 
analysis at'the contact lost position need not be equal to zero. This implies 
that the no-clearance analysis cannot give a correct prediction of whether 
contact will be lost or not. Hence the analytical definition for the 
condition of contact lost needs to be supplemented when applied to a 
system with bearing clearance o Thus o. it follows that in a situation when 
the no-clearance force vector plots do not pass through zero, it cannot be 
stated that contact will be maintained if the system has a bearing clearance o 
In an attempt to verify the above statements, experimental tests 
were carried out for the configuration DC3, phase-angle 180' , 
5.3 Experimental results 
The U-V traces of the impact acceleration responses at frequencies 
of 4,5, ,6 and 7 Hz for the clearance size of 5011m in Figs. 5.. 3.1-5.3.4. 
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Fig. 5.2.5 
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Corresponding to each figure, theoretical displacement-time curve of exciter I 
at frequency concerned is also shown. 
The results, taking the starting point of each cycle from the dead 
centre position, show that there were two impacts in each cycle of motion as 
indicated by the two arrows I and 
t 
representing the first and second impacts 
respectively. The experimental results for clearance size 125/im are reproduced 
in Fig. 5.3.5 and it can be seen that impacts occur at all the frequencies 
considered. 
In all of the figures 5.3.1-5.3.4 during the first half cycle, measured 
from the d. c,. p., contact is maintained and no impacts occur. At B, an impact . 
occurs and contact is lost. At some point between B and C( the second impact ) 
contact will be remade. However whereas the time to the first impact at B can be `' 
determined, the clearance analysis did not apply through the non-contact region 
and therefore the time of the second impact could not analytical be determined. 
It is to be noted that the first impact is not always the greater. The theoretical 
predictions of the time of contact lost were obtained from Figs. 5.2.1-5.2.4 and 
are shown by the positions of the arrows 
I drawn on the time axis. The times of 
the first impact in relation to the exciter's displacement are also shown on the 
theoretical curve given below the U-V traces in figures 5.3.1-5.3.4. 
The following table (5.3 ) shows the correlation of the theoretical 
and experimental times of the first impacts. 
2nd half of the cyclic motion 
freq. / Hz contact lost /s 
( clearance analysis) 
impact /s 
( experimental ) 
4 0.159 0.173 
5 0.125 . 0.139 
6 0.113 0.128 
7 0.092 0.097 
Table (5.3 ) 
Note: the times are taken from the dead centre position. 
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It can be seen that the predicted times for contact lost by the 
clearance analysis are all between 5-10% less than the experimental times, 
possible causes for this difference are : 
(1) frictional and viscous forces at the bearing surface have delayed 
the occurrence of contact lost, thus impacts, 
(2) the time taken for the pin to travel across the clearance space, 
(3) some time difference may be attributed to the flexibilities in the 
bearing system. 
The predictions from the clearance analysis show that contact 
lost occurs at all the frequencies considered, but the predictions from the 
no-clearance analysis show that contact lost only occurs at the frequency 
of 5 Hz, as it is the only polar force plot which passes through zero. The 
above comparison indicates further that contact lost cannot be predicted 
from the. no-clearance analysis merely on a basis of the polar force plot 
passing through zero. Therefore, if a no-clearance analysis is to be used t'. 
predict contact lost, then a more detailed interpretation of its dynamic 
characteristics will need to be made. 
5.4 An impact correlation 
From the two foregoing sections, it was learnt that. the clearance 
analysis agreed well with the experimental results as far as the determination 
of occurrence of contact lost is concerned. The following aim is to find, out. 
whether there is any correlation between the maximum experimental impact 
acceleration measured and the angular velocity of the ' clearance link ' just 
at the point where contact is lost. In this way, it is hoped that the clearance 
analysis could provide details of how the magnitude of impact force might vary 
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over the range of clearance sizes and excitation frequencies, so that the 
dynamic behaviourA of the clearance bearing could be forecasted simply by 
determining the contact lost velocities of the ' clearance link '. 
Fig. 5.4.1 shows the variations of the experimental acceleration 
over the range of clearance sizes. It is seen that in general the impact level 
increases with clearance sizes for all the frequencies tested, but the variation 
with frequency at a given clearance size was not directly proportional to the 
frequency. 
It was found from the analysis which was carried out on the four- 
bar mechanism ( appendix H) that the angular velocity of the ' clearance 
link ' at the instant when contact is lost increases with clearance size. This 
suggests the possibility of the impact forces increasing with the angular 
velocity 'of the ' clearance link '. Fig 5.4.2 gives the plot of absolute angular 
velocity of the ' clearance link ' with clearance size for the frequency range 
of 4 and 7 Hz. No distinct pattern of the variation appears and in particular 
the absolute velocities tend to fall off at the higher end of the clearance 
size range. 
Consider the angular velocities of the ' clearance link ' at 50 µm 
from Fig. 5.4.2. Their values immediately after contact is lost are 109,260 , 
134 and 124 rad /s for 4,56 and 7 Hz respectively. From Figs. 5.2.1-5.2.4, 
the angular velocities immediately before contact is lost, obtained by drawing 
tangents at the points where contact is lost, are 137,872,327 and 313 rad /s 
for 4,5,6 and 7 Hz respectively. The same pattern of variations as Fig 5.4.1 
is observed, and suggests the possibility of the angular velocity of the 
' clearance link ' either immediately before or immediately after contact is 
lost having an influence on the impact magnitude. 
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505 Summary 
The predictions of whether contact will be lost or not in a system 
with bearing clearance from the clearance analysis were confirmed by the 
experimental results obtained. It was also shown that the no-clearance 
analysis does not always give a correct prediction of contact lost if this 
is defined as when the polar force plot passes through zero. 
It is suggested that the angular velocity of the ' clearance link ' 
immediately before or immediately after contact is lost may be of some 
importance in determining the impact magnitud3. This implies that the angular 
velocity of the ' clearance link ' immediately before contact is lost is 
dependent on the excitation frequency and immediately after contact is lost 
is dependent on both the excitation frequency and clearance size. 
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CHAPTER SIX 
THE EMPIRICAL RELATIONSHIP 
a 
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6.1 Factors leading to the possible use of the no-clearance analysis 
to predict the trend of impact magnitude 
I. It 
has been found that (1) the angular displacement of the 
1 clearance link ' immediately before contact is lost is the same as the direction 
of the force acting between the rocker and the coupler as given by the no- 
clearance analysis, and (2) the pattern of variations -of the angular velocity 
of the ' clearance link ' with frequency immediately before contact is lost 
is similar to the variation of the experimental impact acceleration' with 
frequency. It seems that if the contact lost positions could be estimated from 
the no-clearance curves, it would then be possible to predict the trend of 
impact acceleration with frequency simply by calculating the gradients of the 
force directions at the contact lost, positions. The problem is how to find 
the contact lost positions from the no-clearance curves. 
It was noted from Figs. 5.2.1-5.2.4 in Chapter 5 that all the contact 
lost positions, as predicted by the clearance analysis, are located at the 
steeper parts of the no-clearance curves where the rate of change of force 
direction is high. Corresponding to the time of each contact lost, it was 
also noted that the magnitude of the reaction force, shown on the polar force 
plot, Fig 5.2.5 is near or at its lowest level. In other words, the above 
suggests that if contact lost was to occur in a clearance bearing, it would 
happen only when the rate of change of force direction was large and the 
reaction force was small. 
Thus the above findings clearly indicates that a qualitative prediction 
of impact magnitude with frequency when clearance exists in a bearing can 
be attained through the no-clearance analysis. 
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6.2 The development of the empirical equation 
To demonstrate the stages involved in the development of the 
empirical equation relating the rate of change of contact position ( rate of 
change of force direction ), the minimum reaction force and the clearance 
size, a specific example is chosen. 
6.2.1 The term 1og16jJLR 
n-) 
Figs. '6.2.1 to 6.2.4 and Figs. 6.2.5 to 6.2.8 , showtheno- 
clearance vector force plots of the rocker and the coupler bearing and the 
variations of the contact position with time respectively, for excitation , 
frequencies between 4 and 7 Hz of the dynamical configuration DC2 at phase- 
angle 80° 
The time interval between each point (p) on the figures is given 
by the expression, 
T= 
m 
1 
excitation freq. (Hz) x Nm 
where Nm is the number of equal time intervals. The number of points taken 
in this example 102. 
On each of the figures 6.2.5-6.2.8, the positions where the 
greatest rate of change of contact position occurred is marked by the points 
T1 and T2 . Correspondingly, the , points 
Tl and T2 are also shown on the 
vector force plots. 
The rate of change of contact position is given by the expression of 
'T2 - yTI 
T 
m 
and the minimum reaction force Rm is defined as the magnitude of the force 
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Fig. 6.2.9 gives the experimental results for the variation of impact 
acceleration against clearance sizes at frequencies 4 and 7 Hz. The same 
graph can be transferred to impact acceleration vs frequency for different 
clearance sizes as shown in Fig. 6.2.10. It is important to note that all the 
impact accelerations in Fig. 6.2.9 and 6.2.10 are the largest magnitudes 
recorded at each cori: iguration. 
It. will be assumed that the higher the rate of change of contact 
position, the greater the impact magnitude in establishing the relationship. 
The plots of log, 0y and Rm against frequency are shown in 
Fig. 6.2.11 and 6.2.12 respectively. It can ba seen that the trend of the 
variation in the plot of log 10 
y vs frequency is similar to that as shown in 
Fig. 6.2.10, except that the experimental curves show greater curvatures. 
It can also be seen that the plot of R, n vs 
frequency resembled the mirror 
image of the plots of log 10y vs frequency. When log 10 'Y 
/ Rm) is plotted 
against frequency, Fig. 6,. 2.13, it is observed that the shape of the curve 
becomes almost identical to those obtained from the experiment, Fig. 6.2.10. 
At this stage, the significance of the division of by m which results in 
this similarity is somewhat unexplainable. Nevertheless, it appears that 
the term log10 Rm. ) gives a closer prediction of the shape of the 
experimental trends of the maximum impact level with frequency than the 
term log '>. 
S 
6.2.2 The development of the number (WoL 
So far the clearance size Sr has not been mentioned with the term 
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log10 (ý/ Rm ). It can be seen from Fig. 6.2.9 that the increase in the 
impact level does not follow a linear relationship with the clearance sizes, 
e. g. the impact acceleration for clearance of 25 um is not twice as high as 
that of 12.5 µm. In a mathematical representation Ip is not oc Sr 1og10( Y /Rm 
In fact, the observation suggests the possibility of a constant to the power 
of the clearance size Sr. Therefore, a mathematical expression in the form 
of 
S 
Ip cx: (Wo) r log 10 
(Y/ Rm) 
is proposed where - Wo is defined as a physical characteristic constant of the 
system through which the impact acceleration is measured. 
Several basic physical characteristics of a bearing, upon which 
W0 might depend are : 
(1) Young modulus. 
(2) Coefficient of friction, 
(3) Poisson ratio , 
(4) Coefficient of viscous damping, 
{ 
(5) 'Bearing diameter. 
In this work, no attempt was made mathematically to describe 
Wo in the terms of the physical parameters. Although quantitatively, the 
impact magnitude will be dependent on Wo, for the present investigation, 
the qualitative representation of the impact magnitude with increasing clearance 
size will only be studied. Hence a constant value for Wo was assumed. 
4 
It was found that when Wo= e10 , the pattern of the expression 
S 
(Wo) r log10 ( y/ m) with frequency for various clearance sizes, Fig 6.2.2.1 
has a_very close resemblance with the experimental results, Fig. 6.2.10. 
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6.2.3 The significance of the number log10 
_( 
')/ R 
n) 
being zero or 
negative 
It has been shown that the relationship formulated so far can 
qualitatively describe the trends of the impact level using the no-clearance 
analysis. The next stage of the work is to examine the implication of the 
term log, 0 
(')' /Rm) being zero or negative. 
Let the emp*rical equation be written as : 
S 
I=K (W) r log(Y /R 
p00 10 m 
where K0 is the constant of proportionality. 
It is important to note that the numerical significance of the 
ratio Rm depends on the units. In this work, rate of change of contact 
position) and Rm ( the minimum reaction force ) have the units of rad /s and 
Newtons respectively. 
Therefore when log10 (Y / Rm) = 0, i. e. ')'/ Rrrl =I#' 
IP is always 2. oro. 
Also when log 10 
('}'/ Rm) < O, i. e. ý/ Rm< 1, 
the relationship suggests that Ip will become negative. 
Since a negative impact acceleration cannot exist and is 
meaningless, the relationship implies that no impacts will occur if, 
log10 ( y/Rm) - 0, i. e. ')'/Rm, 1. 
In other words, the above condition suggests that it is possible 
to predict the occurrence of contact lost in a clearance bearing merely by 
examining the numerical value of the ratio y/ Rn obtained from the no-clearance 
analysis. The question now is whether this is generally so or only specific 
to the particular set of results so far examined. In the section that follows, 
some of the experimental results from the five dynamical configurations. will 
134 
be compared with the empirical predictions. 
6.2.4 The correlation between the empirical and experimental results 
The correlation shown in this section represents twenty-three 
of the fifty tests carried out at clearance sizes 12.5,25,50,75 and 125 um. 
The table below shows that at least two examples have been chosen from 
each phase-angle between 0' and 180' and four from each dynamical 
cornf iguration. 
Dynamical 
Phase configurations DC1 DC2 DC3 SDC4 DC5 
angle 
20° * * 
40° * * 
60° * 
80° t. * 
100 0 * *. 
120° * * 
140° * * 
160° * * 
180° * * 
In the Figs. 6.2.4.1 to 6.2.4.22 , the experimental impact 
acceleration and the empirical equation against frequency are presented. It 
can be seen that in all cases, there is a good agreement between the 
experimental pattern and the empirical predictions. 
6.2.5 The constant of proportionality K_ for r the system considered 
Before it is possible to determine the value of Ko, it is necessary 
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to rewrite the empirical equation, such that it is valid for all clearance sizes. 
In the form of the equation formulated so far, i. e. 
S 
Ip = K0 (wo) log 10 
( )/R) 6.2.5.1 r 
when Sr = 0,1 p 
is not equal to zero. This would mean that for no-clearance 
in the bearing, an impact acceleration exists as long as the value of the term 
log10 ( )' /R 
m) 
is greater than 0. 
Therefore, ir order to put the equation 6.2.5.1 into a form suitable 
for comparison with the experimental values, the value of Ip for zero 
clearance is substracted from, the equation 6.2.5.1 such that the. absolute 
Ip value is given by ; 
S 
(Ip)= Ko (w0) r log 10 
()'/R)"C Ip) 
-S =0 r 
where (in). K0 (wo)0 log 10 
ý/ Rm) 
-Sr 0 
Since (W )o-1, then the above equation becomes o S 
IP=K0((W0) r-1)log10m)` 6.2.5.2 
which for Sr 0 gives Ip=0. 
Having made the above transformation, it is possible to draw 
a graph of experimental impact acceleration vs the magnitudes of equation 
6.2.5.2. However, it is not possible to include results at zero clearance. 
A state of no clearance in a plain bearing could only be achieved by very 
close fitting and this is not practical if relative movements are to be allowed 
to occur between the pin and the bush. Even if relative movements were 
possible, a small running clearance could result from flexibility in the 
bearing. 
Fig. 6.2.5.1 shows the result of plotting the values of experimental 
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impact acceleration against the expression (Wo) 
srlog 
10 
(y /Rm) for the 
twenty=three examples considered. The distribution density of the plotted 
points suggests that a linear relationship, i. e. K0 being a constant, between 
the experimental and emporical values might be assumed. Although the 
figure shows a considerable scattering of the plotted points where the 
experimental impact acceleration levels are high, All the data was processed 
and analysed by a numerical curve fitting procedure on a computer and resulted 
in the following first order equation : 
S 
Ip. =1.08(W0 ) r1og10(' /Rm)-2.15 6.2.5.3 
This equation is also drawn with its limit of mean residuals which cut the 
negative side of the Y axis; ( experimental impact acceleration ). This 
produces the important evidence in supporting the analogy given in section 
6.2.3 that a negative impact acceleration has no physical significance and 
can only describe a state of no impact. 
Fig. 6.2.5.2 shows the experimental results plotted against the 
g 
values 'of ((Wo) r-1 log10 Rm ). It can be seen that the points formed 
a narrower distribution band'than that shown in Fig. 6.2.5.1 . The slope of 
the mean-line obtained is 1.4 and intersects the Y axis at 0.23 which is 
closer to the origin than the line drawn in Fig. 6.2.5.1. Since the origin of 
the graph is also enclosed by the bounded area of the residual. limits, one 
can tentatively construct a line of equal slope through the origin sich that 
the emp; rical equation is represented in the form of 
S 
Ip=1.4 ((Wo) r-1)logl0 ('Y/Rm) 6.2.5.4 
which will hold for all clearance sizes. 
6.3 Discussion on the development of the empirical equation 
Having related the parameters and thus formed an equation to 
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describe the impact magnitude, the expression 6.2.5.4 may be used to 
7 
reconstruct the curves shown in Fig. 6.2.2. Fig 6.3.1 gives the empirical 
results for clearance sizes between 12.5 and 125 µm. It can be seen that a 
closer similarity in the pattern of the impact level with Fig 6.2.10 is obtained, 
the zero clearance line being the X axis. The experimental results, Fig. 6.2.10, 
'4 "O however, relatively larger impact levels at 4 Hz and' a less steep rise in 
level between 4 and 5 Hz. 
Similarly, equation 6.2.5.4 may be applied to the examples 
considered in Section 6.2.4. 
In general, the work carried out in this chapter has demonstrated 
that the ratio Rm obtained from the no-clearance analysis, and the term 
S 
( Wo) r can adequately predict the occurrence and the relative impact level 
in a clearance bearing of a linkage mechanism. The ratio y/ Rm describes 
the trend of the change of maximum impact level with frequency, and the 
S 
r term (Wo) the relative increase of the impact level with clearance size. 
For a quantitative prediction, it is required to determine the 
transfer function of the bearing system which is jointly defined by the terms 
Ko and W. It is believed that K0 is the parameter upon which the actual 
impact magnitude depends. Dubowsky and Freudenstein considered a 
mathematical model of a bearing joint in which the surface compliance was 
represented by a linear spring and the damping of material by a viscous 
coefficient and an expression for the transfer function of the bearing obtained. 
It appears that such an expression relating a# unit impulse and the resulting 
impact acceleration of bearing may be used here to determine the term Ko, 
provided the magnitudes of stiffness and viscous damping of the bearing are 
Owl known. However, such a determination of K0 is dependent on how gý ad the 
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mathematical model of the bearing simulates the actual bearing. 
The experimental determination of K0 and Wo, may be found in 
the following manner, assuming the empirical equation 
S 
Ilog«W 
to apply. For a given system excited at a given frequency, log10 (y/ Rm ) 
of 
is a constant, ibe the empirical equation may be expressed as 
S 
Ip=K0((W0) r_1)G0 6.3.1 
where G0 is equal to log10 ( )'/R m 
Taking the logarithm: of both sides of the equation 6.3.1, 
it becomes 
I 
log10 ( 
GP +K0)=Sr 
log10 (Wo) + log10 (Ko) 6.3.2 
0-- 
The impact magnitude measured at each clearance size can be 
substituted into the equation 6.3.2 and by employing a curve fitting sub- 
routine on a computer, e. g. the non-linear least square regression analysis 
(ref. 32 ), a value of K0 can be determined such that the resulting plot 
of log10 (Ip- + K0 ) against Sr is a straight line. The slope of the graph 
-Go tax 
gives log10 (W0) and hence W0ýfound. This process may be repeated for 
a range of frequencies. 
It is to be noted that a complication would arise if the polar 
force plot happens to pass through zero. Iii this case, the quantity 
corresponding to Rm becomes zero and the ratio '}'/ Rm infinite. Theoretically 
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this suggests that the empLrical equation predicts that an infinite impact 
s 
force will occur at the bearing. But as far as the present interpretation 
of the equation is concerned, it merely indicates that the occurrence of 
contact lost is inevitable and a large impact magnitude is to be expected. 
There are several factors which may limit the extent to which 
the empirical equation can be applied in design work :- 
(1) When more than one bearing has a clearance in the system's joints, 
possible interactive effects which may arise as a result of the 
increase in the number of degrees of freedom could affect the 
prediction of the occurrence of contact lost, and hence the contact 
lost velocity and impact magnitude. Therefore, the numerical 
significance of the ratio Y/ Rm as found might not be valid under 
such circumstances. 
(2) With the presence of oil in the bearing, there is a damping resistance 
acting between the sliding surfaces which being velocity dependent 
could affect the mechanism of contact lost and might reduce the 
numerical significance of the ratio y/ Rm. 
(3) The terms W0 and K0 can in general only be determined from an 
experimental study, and thus the empirical equation is limited in the 
initial stages to be used only on a qualitative basis. 
p 
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CHAPTER SEVEN 
THE VALIDITY OF-THE EMPIRICAL RELATIONSHIP 
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7.1 Intooduction 
This chapter is concerned with the variation of the impact magnitude 
with clearance size under different lubricated conditions of the test bearing. 
Its main objective is to find out whether the numerical significance of the 
ratio )'/ Rm established in Chapter 6 is also valid when applied to a system 
with oil added to the test bearing. 
. 7.2 The oil 
feed system 
A detailed view of the system is shown in Plate 9. The oil feed 
system consists essentially of an oil cylinder (c) of 60 mm nominal diameter, 
350 mm long, supported vertically by a steel frame (d) which forms part of 
the spring mounting system. The oil is gravity fed through an oil filter (e) 
situated insider the base of the cylinder. The oil enters the test bearing via 
a flexible tubing (b) of 5.5 mm diameter. A regulator valve (a) is placed 
between the outlet of the oil cylinder and the inlet to the test bearing (f). 
Oil is usually fed into a plain bearing via one of three ways, 
(1) a circumferential groove, (2) a feed hole or (3) oil pockets. Of these 
feeding methods, the first one was chosen for the present investigation. A 
groove (g), 5 mm wide and of depth 1 mm, was cut circumferentially around 
the mid-plane of the bearing bush. Thus oil flowed along the groove and was 
distributed over the bearing surface. An inlet hole (h) of 4 mm diameter was 
drilled through the wall of each bearing in line with the oil entry port (j) 
which is located at the bottom face of the bearing housing. 
7.3 The testing procedure 
The testing procedure conducted in this section was identical 
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with that described in Chapter 4. The oil used was Tellus 127, supplied by 
Shell Petroleum company. 
For this investigation, the dynamical configuration DC1 was 
used for the range of phase-angles between 00 and 1800 at an excitation 
frequency of 7 Hz. The five test bearings with their corresponding pins, 
representing the five Clearance sizes of 12.5 to 125, Um, were used as in 
Chapter 6 and experiments' carried out under the two conditions; 
(1) a thin film of oil smeared on the pin bearing surface ( boundary 
lubrication 
(2) a constant supply of oil to the test bearing ( film lubrication ), 
( the feeding system was described in section 7.2 ). 
The results obtained were compared with the impact levels as 
obtained under the same dynamical configuration in Chapter 6. 
Although without additional lubrication there would be a small 
quantity of oil released from the bearing sudace ( bearing oil retaining type ) 
during operation, this was considered to be negligible when compared with 
the amount added to the bearing surface under condition (1). Therefore the 
damping effects on the impact magnitude are mainly due to the thin film of 
oil added. For tests under the lubrication condition (2), a constant flow of 4 
- oil into the test bearing at about 16.5 cc / min. The volume of oil required 
for film lubrication is small, and it was considered that a complete; oil film 
was maintained across the clearance space in spite of the leakage through 
the sides of the bearing and the squeezing actions of the impacts and the 
recipc tang movements of the bearing housing. 
7.4 ... Experimental results 
Figures7.4.1 to 7.4.10 show the variations of the impact magnitude 
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with clearance size for the three lubricated conditions. In general it can be 
seen that a similarity of pattern is maintained although, with an increasing 
amount of oil present in the bearing the impact level decreases. 
7.5 Comments relating to the validity of the empirical equation 
It is recalled that the emperical equation 
S 
Ip = Ko (t wo) r I') log, 0 Rm 
can for an unlubricated plain bearing, 
(1) determine the occurrence of contact lost ( from the numerical 
significance of the ratio Y/ Rm ), 
(2) show the relative impact level with clearance size from knowing the 
value of Wo and 
(3) give the actual magnitude by further knowing the value Ko: 
The important observations from the above results are : 
(a) the addition of oil into the test bearing does not appear to affect th,: 
occurrence of contact lost, in so much as impacts occur and 
(b) the impact level decreases with increases of oil in the bearing 
irrespective of clearance size. 
The ratio ('/ Rm ) is determined from the no-clearance analysis 
and when ( )'/ Rm) 1, no contact lost and therefore no impact occurs. The 
fact that each set of curves in Figs. 7.4.1 to 7.4.10 are similar in pattern, 
suggests that the significance of the ratio Rm) is independent of the 
S 
presence of oil in the bearing. Also that the factor ((Wo) 
r- 1) holds 
irrespective of the presence of an oil film. 
Then the equations describing the impact magnitude for the three 
lubricated conditions can be written as ; 
... S 
presence of oil in the bearing. Also that the factor ((Wo) 
r- 1) holds 
I 
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S 
Ip = K0 ((Wo r- 1) log10 ¶ i/ Rm) 7.5.1 
S 
(Ip)b= Kb ((Wb) r- 1) log10 ( Y/ Rm) 7.5.2 
S 
(IP)f= Kf CC W f) 
r- 1) log10 (Y /R 
m)7.5.3 
where the sufficies b and f refer to, boundary and film lubrications. 
Since the patterns of impact acceleration with clearance in 
each set of curves are similar, it does suggest that the relative impact 
magnitude is independent of the presence of oil in the bearing, in other 
words, Wb and Wf have the same values as W0. Assuming that W0 is a 
constant and has the same value for all of the tests shown in Figs. 7.3.1 to 
7.3.10, then Wo must be the term in the equation which describes the shape 
of the curve while the actual impact magnitudes are determined by the values 
of Kb and Kf. For a given frequency and dynamical configuration of the system , 
equations 7.5.2 and 7.5.3 can be equated with equation 7.5.1 of the 
unlubricated bearing giving 
IA' 
Kb = Ko 
A -, 
Ipýf 
and Kf=Ko 
P 
Ip, (Ip) and (Ip) can be found from the Figs. 7.3.1 to 7.3.10 and it has 
bf 
been found that 0 is 1.4. 
The mean values of Kb and Kf for each set of curves are indicated 
on each figure. The fact that the values Kb and Kf are approximately the same 
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for all sets of curves does indicate that Wb and Wf are equal to Wo and the 
assumption of a constant Wo is reasonably correct. 
From the explanation given above, it is concluded that : 
(1) the occurrence of contact lost is given by 7/ m> 1, irrespective of 
whether or not oil is present in the bearing, 
(2) the shape of the curve with clearance size is determined by the factor 
S 
((Wo) r- 1) and 
(3) the actual impact magnitude of the bearing is dependent on the value Wo. 
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CHAPTER EIGHT 
PRACTICAL CONSIDERATIONS 
f 
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8.1 Introduction 
Although the empirical equation determines the occurrence of 
contact lost and the impact magnitude at a bearing, the information likely 
to be required by a designer is of a different nature. The designer asks 
the following questions : 
(1) after the initial design decision has been made to use a linkage 
mechanism to achieve the required kinematic and dynamic response 
characteristics, what clearance size can be selected for the bearing, 
so that if contact lost was to occur, the resulting impact magnitude 
I would be within a permissible level. 
(2) For a given dynamical configuration of the mechanism; if the impact 
magnitude at the clearance bearing is above the permissible level, 
what other methods can be considered in reducing the impact level 
apart from using a smaller clearance size which would inevitably 
increase the manufacturing cost. 
In an attempt to answer the above questions, it is decided to 
use a crank-rocker mechanism in which the clearance bearing is assumed 
to be the one joining the crank and the coupler as an illustrative example. 
Finally, suggestions for further work are also proposed. 
8.2 A des ign chart ' 
Fig. 8.2.1 gives the sizes and magnitudes of the physical parameters 
of the crank-rocker mechanism. The no-clearance analysis ( both kinematic 
and dynamic analyses for the mechanism involves solving the geometric 
constraint equations and the equations of motion describing the system. A 
, constant, 
input crank speed is assumed in the analysis. The ratio iý/ Rm 
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for the bearing concerned at each crank speed is found as before ( see 
Chapter 6) from the no-clearance analysis by determining the largest rate 
of change of force direction and the corresponding reaction force magnitude. 
S 
Fig. 8.2.2 shows the variations of Ko(( Wo) r- 1)Iog10(Y ý Rm) 
with crank speed for different dynamical configurations of the mechanism. 
Parameters which are different from those given in Fig. 8.2.1 are listed on 
each curve. Corresponding to each clearance size, an axis of impact 
magnitude at the bearing is drawn. Fig. 8.2.2 may then be treated as a 
design chart from which assessment of impact levels over a range of crank 
speeds, clearance sizes and dynamical arrangements could be made. 
In Fig. 8.2.2, curve (a) has the highest impact magnitude. Curve (b) 
shows the resulting trend of impact level with crank speed when the moment 
of inertia of the rocker is increased from 351.2 kg mm2 to 851.2 kg mm2. It 
can be seen that within the speed range of 42 to 70 rad Is, a reduction of 
18% was obtained. Curves (c) and (d) show that further reduction in the impact 
magnitude could be possible by increasing the moment of inertia and the 
mass of the coupler. The reduction is respectively 45% and 80% in comparison 
with curve (a). Curves (e) and (f) show the results when linear torsional 
springs of different stiffnesses are attached at the rocker bearing joint. 
With a spring stiffness, Gs , of 0.5 Nm 
/ rad, no impact occurs at the 
clearance bearing for speeds below 42 rad / s. A similar pattern of impact 
level with-crank speed can be seen when Gs is increased to 1 Nm / rad, but 
in this case, the speed at which impact first occurs is 61 rad Is. In other 
words, the non- impacting speed range has increased as a result of increasing 
the torsion stiffness of the spring. 
From these results, it is evident that impact magnitude at a 
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clearance bearing can be reduced in two ways ; 
(1) by making appropiate changes in the magnitude of the linkage's 
parameters, or 
(2) by having a smaller clearance size in the bearing. 
Consider the set of conditions given in Fig. 8.2.1 for the mechanism. 
Suppose a designer would like to know what is the largest clearance size 
he can use for the bearing concerned such that when the mechanism operates 
at a crank speed of 40 rad / s, the impact magnitude does not exceed a 
permissible level, ( say 4g ). From curve (a) in Fig. 8.2.2, the impact levels 
corresponding to the speed of 40 rad /s for clearance sizes between 12.5 
and 125 pm can be read directly from the scales. It can be sccn that a 
clearance size greater than 75 gm would not be the right choice since the 
resulting impact magnitude at the bearing would exceed the permissible level. 
This suggests that if the designer wishes to ensure proper functioning of 
the mechanism over a desired period of operation, he must use an initial 
clearance size of less than 75 Jim. A clearance size of 60 /Im would seem to 
be a sensible choice for the resulting impact magnitude, being 3.3g which 
is well below the permissible level, gives a safety margin of about 17%. 
Suppose the designer now wishes to use a clearance size of 125 ß(1m 
instead of 60 Jim ( for the reason of the general economics of the bearing 
i 
production ), and at the same time, the impact level is to be kept below 4g. 
From Fig. 8.2.2, it can be seen that such a requirement can be obtained if 
the inertia properties of the coupler are changed to those values a little 
greater than given on curve (d) or if a torsional string of stiffness a little 
less than 0.5 Nm / rad is attached to the rocker's bearing joint. 
Thus the designer faces the choice of two-different dynamical configurations 
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both of which satisfy the requirement that the impact magnitude does not 
exceed 4g. 
It is seen that at 40 rad /s curve (d) gives an impact magnitude 
of 2.8 g for a clearance size of 125 dim and curve (e) indicates no impacts. 
However over the speed range of 40 to 60 rad /s curve (d) decreases slightly 
where as curve (e) increases fairly' rapidly. Thus over this speed range a 
torsional spring may not be the better choice. For example, if the designer 
now decides to operate the mechanism between 40 and. 70 rad / s, instead 
of at a fixed speed of 40 rad Is then by using the configuration given by 
curve (e) he would find that the impact level cannot be kept below the 
permissible level when a clearance size of 125 )1m was used. Unless a 
torsional spring of Gs 1 Nm / rad was to be used, the impact magnitude at 
speeds greater than 50 rad /s would exceed the permissible level of 4g. 
Should impacts be allowed to take place in the bearing throughout the speed 
range, then curve (d) would be more acceptable than curve (e) since the 
impact magnitude as shown in curve (d) between the speed range of 40 and 
70 rad /s does not exceed 4g. In fact, as the speed increases from 40 rad Is, 
the impact magnitude decreases. 
Similarly, curve (c) and (b) may also be considered between the 
same speed range for the requirement that the impact level does not exceed 
4g. However, the clearance size"for the dynamical configuration given in 
curve (c) has to be reduced to 100 jim while curve (b) to 75 gm. 
It is known that the clearance size varies with operation time 
as a result of material loss from the bearing surfaces caused by wear. If 
however, the nature and the extent of the wear to be experienced in service 
are -known, -this time variation could be allowed for with the initial selected 
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values of the clearance. Any wear which occurs at the bearing would lead 
to an increase of impact magnitude, since for a given speed and configuration 
of the system, the impact magnitude varies exponentially with clearance 
S 
r 
size, i. e. with Wo . Thus, comparatively, a small amount of material 
removed ( say 6, therefore increasing the clearance size of Sr +S), can 
produce considerable changes in the impact magnitude. Hence if the wear 
rate is dependent' on the impact magnitude then a rapid deterioration of the 
bearing may be expected. Thus the service life of a bearing may not only 
depend on, the. magnitude of the impacts but also on the initial clearance 
size used. 
8.3 Summary 
In this chapter, the application of the empirical equation to design 
work has been considered. It was seen that the impact magnitude could be 
reduced by altering the magnitudes of the dynamical parameters of the 
eI 
mechanism. However, the most effective way reducing the impact magnitude 
at a bearing is by selecting a small clearance size, although this of course 
is likely to increase the manufacturing cost. 
A design chart ( derived from the emp©rical equation) which can 4 
be used-for selecting an initial clearance size of the bearing has been 
proposed. The method was simple and may be considered for any linkage 
mechanism with one bearing clearance. 
8.4 Proposals for future work 
With a system having two or more clearance bearings, interactive 
effects, could arise as a result of the increase in the number of the degrees 
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of freedom which may affect the occurrence of contact lost and the impact 
level at each clearance joint. Therefore it is felt that a study of the effects 
of this may prove to be a worthwhile extension of the present work. A check 
on the validity of the significance of the ratio Y/ Rm when applied to a 
multi-clearance bearing system should also be carried but. With the present 
rig, the impact accelerations were measured using accelerometers and 
although the results obtained were, consistent, the instrumentation did not 
allow the measurements of impact force to be made, hence quantitative 
evaluation of the dynamical loading at the bearing was not possible. It is 
therefore suggested that in future investigation, test bearing blocks should 
be designed for the measurements of the strain from which the impact force 
magnitude may be determined. 
Much may be learnt from a correlation between the impact noise 
and the clearance size under different lubricated. conditions. It would be 
worthwhile to find out whether the present form of the empmrical equation 
may also be used to describe the impact noise level. An attempt to measure 
the rate of increase in impact level with bearing wear is desirable. If future 
designs of mechanisms are to be based on the no-clearance analysis, 
further understanding of the kinematic and dynamic effects of bearing 
clearance is required in diagnostic studies of bearingsunder working 
conditions, i. e. predicting in situ the satisfactory life of a bearing. 
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'CHAPTER NINE 
CONCLUSIONS 
187 
9. Conclusions 
The conclusions arrived at in this study are as follows : 
9.1 The apparatus 
9.1.1 The experimental mechanism has proved to be versatile and to allow 
both the geometrical and dynamical configurations of the system to 
be varied over a wide range. 
9.1.2 The time . for the test bearing bush to have 'run-in' was determined 
by using the surface profile measuring systems and the accelerometers 
assembly. Initially the average increase in bush diameter and impact 
magnitudes were high, but they decreased over a period of 6 to. 8 hours 
to constant values. 
9.2 The clearance analysis 
9.2.1 The method assumes the clearance at the bearing joining the rocker 
and the coupler to be a massless link of constant length. A comparison 
between-the computational results and the experimental responses 
shows that the analysis was capable of giving an acceptable 
prediction of contact lost. 
9.2.2 The method proved to be lengthy in computation and not easily applied 
in design. 
" 
9.2.3 The analysis indicates that the angular velocity of the 'clearance link' 
immediately J 
(a) before contact is lost is dependent on the excitation frequency, 
(b) after contact is lost is dependent on both the excitation 
frequency and clearance size. 
9.2.4 The impact magnitude at the bearing has been observed 
(a) to increase with increasing of clearance size, 
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(b) to be dependent on the excitation frequency. 
9.2.5 Immediately before and immediately after contact is lost, the 
variation of the angular velocity of the ' clearance link ' with 
frequency has the same pattern as that obtained for the experimental 
impact levels. 
9.2.6 Contact lost in a clearance bearing has been found to occur when 
the no-clearance analysis polar force plot passes through zero. 
However this is not a necessary requirement, as contact lost may 
occur'when the no-clearance analysis polar force plot does not pass 
through zero. ( The criteria for contact loss have been found to depend 
on the rate of change of contact position, Y- and the corresponding 
minimum reaction force magnitude, Rm as given in 9.3.2 below. ) 
9.3 The empirical relationship 
9.3.1 Using the no-clearance analysis for the system, an empirical equation 
was established to describe the impact magnitude in clearance 
bearing. The equation is given as 
S 
Ip = Ko «wo) 
r_ 1) log 10 
(I /R 
m) 
where Ip is the impact magnitude 
is the rate of change of contact position, 
Rm is the corresponding minimum reaction force magnitude, 
S is the clearance size and 
r 
Wo and K0 are jointly defined as the transfer function of the 
bearing system. 
9.3.2 Based on the physical interpretation of the empirical equation that 
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a negative impact acceleration cannot exist when the term log10 (y /Rm) 
becomes less than zero, the ratio y/ Rm provides a criterion for 
predicting the occurrence of contact lost, that is 
when 'Y/ Rm > 1, impact occurs, 
when '/ Rm 1, no contact lost, therefore no impacts. 
The experimental results were shown to be generally in good agreement 
with this prediction. 
9.3.3 The value of Wo is independent of, whereas the value of Ko is 
dependent on, the viscous damping effects of oil in the clearance 
bearing. 
9.3.4 Predictions of relative increase or decrease of impact magnitude can be 
made without knowing the values of W0 and Ko for the bearing system . 
However, the application of the equation to determine the actual 
impact magnitude at the bearing requires to know both oftheir 
magnitudes. 
9.3.5 The emperical equation is considered to be applicable as a design 
tool for predicting the dynamic behaviour of linkage mechanism with 
__ a 
bearing clearance. 
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APPENDIX A 
SIZES AND MAGNITUDES OF THE PHYSICAL 
PARAMETERS OF THE SYSTEM 
4 
P 
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Sizes and magnitudes of the physical parameters of the links 
The rocker 
X1 
Length S1 = 0.38m 
Position of centre of mass S1 = 0.17 m 
Mass MR =7 kg 
. Moment of inertia, IR' about the axis X1X1 = 
0.2205 kg m2 
The coupler 
X) 
IC 
X2 
Length (S2+S5) =0.66m 
Position of centre of mass S2 = 0.19 m 
c 
Mass Me =11.2 kg 
Moment of inertia, Ie, about the axis X2X2 = 2.305 kg m2 
Ii S1 --«ý 
C X1 
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The cranks 
Crank-V1 
Crank V2 
X3 S X3 
S3 
Length S=0.155 m 
Position of centre of*mass S3 = 0.045 m 
c 
Mass My = 3.38 kg 
1 
Moment of inertia, IV , about the axis X3X3 = 0.035 kg m2 1 
Mass Mv 3.29 kg 
2 
Moment of inertia, Iv , about the axis X3X3 = 0.036 kg m2 
2 
Length S6 = 0.155 m 
Position of centre of mass S6 = 0.052 m 
c 
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Spring stiffness k S 
The helical spring has the following dimensions : 
Coil outside diameter = 25.4 mm 
Wire diameter = 2.54 mm 
Number of coils = 64 
Free overall length = 203 mm 
Body length of coils = 157 mm 
Manufacturer's spring stiffness = 0.3560 N/ mm 
*Consider the linear portion of the calibration curve Fig. A. 1, shown overleaf, 
the spring stiffness used was 0.3384 N/ mm 
Inertia mass 
Mass = 1.5 kg. 
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Dynamical configurations 
DC1 As given above. Neither mass added nor spring attached. 
DC2 Added mass, no spring attached. 
Position of its mass centre from the centre of the test bearing = 0.48m 
New position of the centre of mass of the coupler = 0.223m 
New moment of inertia of coupler about the axis X2X2 = 2.6356 kgm2 
DC3 Added mass, no spring attached. 
Position of its mass centre from the centre of the test bearing = 0.14m 
New position of the centre of mass of the coupler = 0.17m 
New moment 'of inertia of coupler about the axis X2X2 = 2.4821 kgm2 
DC4 Spring attached, no added mass. I 
Position of the spring attachment on rocker, Sk = 0.195 m 
s 
Initial tension Ts = 47.5 N 
DC5 Spring attached, no added mass 
Position of the spring attachment on rocker, Sk = 0.195m 
S 
Initial tension Ts = 55.0 N 
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APPENDIX B 
THE NO-CLEARANCE ANALYSIS 
0 
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The equations of motion for the system assuming no-clearance in the test 
be aring 
y Kinematic anal sis : 
[L ]{. ci. 1} -E o 11234 
Element system parameters matrix 
L1 L3 L7 0 
L2 L4 L8 0, 
L= 
L1 L5 0 L9 
L2 L6 0 L10 
Element system inputs matrix 
01 2 
L2 1 
22 
+L4 2+L8 T3 
L, LL 
E 
-( L2 
*21 + L6 *22 + L10 T2 6) 
2 
L1 /1 
222 
+ L5 2+ L9 6 V2W 2 
where 
L1 S1 sin f1 L2 =S1 cos 1 
L3= S2 sinY 2 L4=S2 cost112 
L5=(S2+ S5)sin2 L6=(S2+S5)cosV 
2 
L7 = S3 sin to3 L8 = S3 cos i3 
L9 =S6 sin 6 L10=S6 cosY 6 
V1=Vosin(W1t+ 81) 
V2=Vosin(()2t+ e2) 
Note : in the present work, W1= W2 =W and 82 = 00 
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Dynamic analysis : 
[BD] 
FD =JADJ 
Element system's parameter matrix 
101000000000 
010100000000 
00 Ll -L2 0000000.0 
00 -1 010010000 
000 -1 01001000 
00 L11 L12 L13 L14 0 L15 L16 000 
[BD] 
0 0.0 0 -1 01 .00000 
000.0 01010000 
0000 L5 L6 000000 
00 '0 0' 0 0.0.0 10 -1 0 
000000 "0 0010 -1 . 
00000000 L7 L8 00 
where 
L11 S2 sin 2 
c 
L12 = S2 cos tý1 2 
c 
L13(S2- S2 )sin2 
c 
L14 = (S2 - S2 cos 2 
c 
L15 = (S2 + S5 - S2 sin1 2 
c 
'tý12 L16=(S2+ S5 - S2 Cos 
c 
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Element Mass x Acceleration column matrix : 
x 
I_MRaRC 
_MRYac+MRg_FS 
- IR 11 + MRSlc cos 1g- FSSks cos 7' 1 
M Xa 
ee c 
Mcyae + Me g 
c 
(Ie Mes2e) i2 
{'}±M 
Xa 
vl vl 
c 
M ya 
vl vl 
c 
s_ (S3 S3o) 
3^ Mvl 
( S3 - S3 )cos 3g 
Ivl ^ Mvl (s3c -c 
M Xa 
v2 v2 
c 
Y Mv 
2 av2 
c 
(I- My (S6 - (S6 - S6 6- Mý 
(S6 -S6 )cos 6g v 22cc2 
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Element Force component column matrix : 
FD = FoX, FoY'F1x'F1Y'F v 'F 'FA 'FA 'F 'Fv 'FB SFB lx v ly lx ly v 2x' x 2y 2x' x 2y 
where 
Fs = (TS 
_ 
ksSk sin 1) 
s 
XaR=-S1 *1cost11 Si *1 sin1'I1 
ccc 
ya Si .2 
c 
't/'1 sin c lJf 1+ 
S1c *1 cos i1t l. 
'Z 2 Xae =- S1 7' 1 cos 1' 1 
S1 1 sin S2 T2 cos t 
S2 
T2 sin 2 ccc. 
yaec 
- S11 sin 11 + S1 lcos'1 - S2c2sin 'tý12 + S2c tý' 2 cos 7' 2 
2` Xav1 =--S 1 7'z 1 cos S1 7' 1 sin 7" 1 
S2 
7"2 cos 'ý2 S2 V2 sin Y2 
C. 
i 
-S i) 1'3 cos Y3 - S3c 1f' 3 sin Y3 
yavi 
-S1'1'1sinSI't'1cos T1 
S2 
T2sin'ý1'2+S 2" 2cos i2 
c 
"2". 
- S3 11Lf3 sin 11'3 
+ S3 V3 cos T"3 
cc 
2 XaV2 
- S1 týll cos S1 sin 1- 
(S2 + S5) ýf2 cos 't`r2 
c 
- (S2+ S5) i2 sin 'ý2 - S6c 6cosV 6- S6 7" 6 sin 6 
c 
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yav 
2 
-S1 sin1 1+S1ý11cos111-(S2+S5)V1r2sin1J2 
C 
+ (S2 + S5) V2 cos 'tVl 2-S 6c 'tt 
6 
sin 't j! '6 + S6 
c 
't`I 6 cos 
V6 
e 
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APPENDIX C 
THE CLEARANCE ANALYSIS 
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The equations of motion for the system with clearance in the test bearing 
The kinetic energy of the system T is given by the sum of the 
kinetic energies of the links. 
Hence T= TRocker + TCoupler + TCrank V1 + TCrank V2 
The clearance link being massless, therefore 
Tclenrance -0 
where 
TRocker 2 MR( a ýS1 +2 IRVh1 
dt c 
sy 
TCoupler 2 Me S1 Sr + 52c + Ic 2 dt 
T iM dis +S +S +s + 1T , 'r 
s 
Crank Vl vl dt ~1 -r2 -3C 
2 vl 7' 3 
T =2M ( d(S +S +S +S +S j)+ lI 2 Crank V2 v2 dt 71 -r 2 -5 -6ý 
2 v2 6 
Completing the time derivatives of these vector quantities, the total kinetic 
energy is 
T=2 MZ ýr 2+I 2+ 1 M" 2ýýr i+ S2ýýr z+ Si ýýf i RS I12. R12e1T1r Tr 2er2 
+ 2S1Sr y1' 1 i/c r cos. 
(iLc r itj) + 2S1S2 1 1ýt 2 cos 
(V1' 
2T1 
c 
+ 2S2 Sr tjI 2r cos 
('tý12 '' 
r+12 
Ie 
c- - 
22+s2 *2 2 *2 z 'tJz +2 MM y 
((51 
1 r*r+ 
S2*2+ S3 
c 
3) 1 
2 04 
+ 2S1S2 i1 T2 cos ! '2 7'1) + 
2SSr 
7"1 
*r 
os (7'r il 
) 
+ 2SIS3c tý 1 't'c3 cos ( V3- VfI )+ 2S2Sr 't/ 2 Vrcos 
(11'2- 't`1'r ) 
+ 2SrS3c 1ý1 
r 
)13 cos (11'3- tý1 
r) 
+ 2S2S3c 23 cos 2)) 
22+i 
Ivl ý(ý'3+i Mv2((S1 +S22 ý2 22 (S2 + SS2 
2+ S6 6 
c 
+2 S1 Sr 7' 1 7' r cos 
('t j1 
r 7' 1 
+2S1 (S2+55)7'1 i2 cos 
(7'2 
il) 
+ 2S1 S6o 16 cos 
('ý1 
6rl 
+ 2Sr (S2 + S5 ) *r *2 cos (ýf 2- Tr 
+ 2SrS6c 
Tr6 cos 
(11 
6- T" r 
0 
+ 2(S +S)S cos ýýr ))+ 2I ýIr2 256 ýIr 
c 
T266 T2 
1 
v27 6 (C. 1 ) 
For the potential energy of the system 
V= VRocker + VCoupler + VCrank 
Vl + VCrank V2 
The evaluation of the terms gives 
VRocker =MRSI sin tr 1g 
c 
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VCoupler - Me ( Skin 1+ Sr sin r+ 
SZ sin 11'2) g 
c 
VCrank VI MvI 
(S1sin 't'll + Sr sin Vr + S2 sin 'f2 + S3Csin 1ý 3)g 
VCrank V2 Mv2 
(Slsin 1/f 1+ Sr sin -I r+ 
(S2 + SS )sin 'ý 2 
+S6 sin6)g 
c 
or 
V=(MRS1 +MeS1+Mv S1+Mv S1)sin. 
7'ig c12 
+ (Me'. + My 
1 
Sr + Mv 
2 
Sr ) -sin jrg 
+ (MeS2C + Mv1 S2 + Mv2 (S 
+ Mv 
1S3c 
sin ?3+ My 
2 
S6 sin 1` 6gC. 2 ) 
c 
The vector loop equations for kinematic displacements are expressed 
in component forms for the system by the constraint functions 71, i 2, ý3 
and q4' 
where 
1= Slcos LI 1+ Srcos Yt r+ 
S2cos t/12 + S3cos tý' 3 
+ S4 cos 214 
ý 2= S1sin 2rI+ Srsin i/f + S2sin 11'2 + S3sin t'3 
+, Vosin (Wt +e1 
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ý3= Slcos ip 1+ Srcos ' Ir + (SZ + S5 )cos 't2+ S6cos ýI 6 
+ S7cos hfl 
11 4= S1sin ic1+ Srsin r+ 
(S2 + S5) sin t/l 2+ S6sin ')I 6 
+V0sin(Wt+ 02) (C. 3) 
t 
Applying the Lagrangian equation 3.3.1.2 for each of the 
independent co-ordinates gives the equations of motion 3.3.2.1 through 
3.3.2.7 given in Chapter 2. 
These equations are expressed by a 11 x 11 matrix equation of 
the form : 
w 
E]' BE 
11x11 11x1 
with 7' 2' 
ý3' 
'T"4 T 6' fi' iý1, 
ý2,3,4 
representing the angular accelerations and Lagrangian multipliers., 
[WE] 
and 
BE are the inertia and the system's parameter matrix respectively and they 
both contain time dependent elements. 
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Element it 
[WE] 
= 
Tertia matrix 
HR Zlgl 
H 
r 
Z2g3 Z3g5 Z4g7 L1 L2 L1 L2 
Z5g9 Z6g11 Z7g13 Lu Lv Lu Lv 
He Z8g15 Z9g17 L3 L4 L5 L6 
Hv 
10 
L7 L8 ' 0 0 
Hv 
2 
0 0 L9 L10 
Symmetric 0000 
where 
0 0 0 
0 0 
0 
Lu =Srsiný'r 
q1 =cos ('ýr T1 
q3 = cos ( J' 2 111 
q5 = cos (ý(13 1P1 
q7 = cos 6 VI 
q9 cos (tj12 Try 
q1l =cos (T3 Try 
q13 = cos (Y6- Yr 
q15 =cos (ýf3 T2 
q17 =cos (i6- r2 
LT= Srcos i. jc 
q2 =sin ('r 1 
). 
q4 =sin (2 1 
q6 =sin( 3- 
q =sin( '6 T1) 
q10 sin ('tc2- Yr ) 
q12 = sin 3- 'ýrr 
) 
q14 = sin 6- 'tflr 
q16 = sin (L' 3- h'2 
) 
q18=sin(7"6 T2) 
208 
Element system's parameter matrix 
Z-M 
"z .2 
Tr"r 
Z 
1q 2ýr + Z2 q 4ý2 + Z3 q6ý3 + Z4 q 87"6 RS1 cos g 
c 
Z1g2 1 +Z 5g10 )ff 2+ Z6q12 3+ Z7q14 6 
"- (Me. +Mý +My )Srcos*rg 
12 
Z2g4 T1 Z5g10 7' r+ 
Z8g16 3+ Z9g18 6 
- McS2 +My S2+My (S2+S5))cos 2g 
c1222 
BE 16 2. 
- My 
1 
S3 cos 3g Z3g6 
*21 
- Z6g12 r 
Z8g 
22 
-Z 4 q8 ýýr 
21 
-Z9q 18 T ýýr 2 -Z7 q 14 r -M 
S6 cos TT v2 c6g' 
L2 1+ Lv 
*r2 + L4 T2 + L8 
ý23) 
' 
.2 .z. 2i z+ut1'r+L3 
T2+L73 C'31VI ' 
-(L2 7'1+LvTr+L6L2+L10 
ý6) 
0 
.1I 
2*2*222 
Ll1+LuYr+L5 2 +L9 6ý' G`ý2V2 
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APPENDIX D 
VIBRATION ISOLATION PLATFORM 
AND 
SOUND REDUCING ENCLOSURE 
I 
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The design and construction of a vibration isolation platform 
The experimental rig was set up on the top floor of a three storey 
steel framed building which was known to be responsive to ground vibration, 
in particular to low frequency range 1-25 Hz. Hence a vibration isolation 
platform was necessary in order to 
(1) reduce the ground vibration transmitted through the floor to the 
experimental system, 
(2) reduce the force transmission from the exciters to the building structures, 
(3) spread the excitation load over a wider floor area, thus keeping the 
floor loading below the permissible level of 721 N/m? 
The theoretical performance curves of the exciters when driven 
by a pump unit at a flow rate of 30. litres per minute at different loads is 
shown in Fig. (D. 1 ). A maximum stroke length of 50 mm can be achieved 
when the frequency is between 0 and 5 Hz however, as the frequency increases, 
there is a rapid reduction in amplitude. The vibration isolation platform is 
designed to function effectively throughout the working frequency range (0- 
25 Hz ). Some simple calculations based on a single mass spring system 
suggested that a platform having a mass of about 2550 kg would have a 
natural frequency of 112 Hz when mounted on pads with a stiffness of 
119232 N/ mm/ m2 . This would require a floor area of 5.76 m2 in order to 
produce a safe floor loading of 496 N/m? 
Construction 
The carpet mounting is made from 64 sheets of rubb9r pads each 
of size 0.09 m2 . Strips of rubberised canvas coated with rubber solution 
are applied along the joining edge to form a complete mounting area of 
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5.76 m2 , Plate 10. 
Sixteen I- section beams 2.4 m long of cross-section 0.2 x 0.15 m 
are laid on the mounting pad and fastened together along their lengths with 
0.2 m long studs, Plates 11,12 and 13 . Sic holes are drilled between the 
webs of the 4th and 5th, the 8th and 9th and the 12th and 13th I beams, 
Plate 14. These holes allow six vertical wedge-base mounted bolts to be 
projected from the top of the structure for attachment of an iron table top. 
-Four channel section beams of size 0.2 x 0.15 m are laid crosswise on the 
platform in order to improve the rigidity of the structures, Plate 15. 
1Vbasurements and results 
Using the frequency analyser (Brüel and Kjaer type 2107) and the 
level recorder ( type 2303 ) combined with a charge amplifier (Endevco type 
2730 ) and an accelerometer ( type 226C ) vibration spectrums at various 
points on the platform and the floor were taken. 
Recordings of the acceleration levels spectrograms on the floor 
and on the platform are reproduced in Fig. (D. 2 ) from which various 
resonances and their levels can be read. Between the frequency range of 
15 - 28 Hz an average reduction of 12 dB was recorded. This indicates that 
the floor vibrations have effectively been reduced by over 25%. 
The design and construction of a sound reducing enclosure 
Due to the unbearable high frequencies sound from the hydraulic 
power unit during laboratory testing, it was necessary to construct a simple 
sound reducing enclosure to reduce the noise down to acceptable level. 
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Construction 
The overall dimensions of the enclosure are 2? x2x2m. The 
panels of the sound reducing enclosure were constructed with 15 mm thick 
plywood boards. On the inner surface of the enclosure, sandwiched between 
the panels and perforated card-board were eight layers of 50 mm thick rocksil 
acoustic pads and 5 mm thick Bitumen roofing felt ; these are capable of 
absorbing high and low frequency sound. The base of the enclosure is fitted 
with anti-vibration pads. 
The arrangement of the layers is shown in Fig. (D. 3 ) 
-Plywood 
'' '="'-" "' Rocks 11 acoustic pads 
-, Bitumen roofing 
felt 
-Perforated card-board 
Fig. (D. 3 ) 
The power unit could not be totally enclosed because of the inlet 
and the outlet ducts of the air cooling fan. The ducts and the fan box form a 
continuous circulation channel. The ducts were externally lagged with rocksil 
and roofing felt. This reduced the noise from escaping through the openings. 
The enclosure with the top front half panel removed is shown in Plate 16. 
S P. L. measurements and results 
In Fig. (D. 4 ) are three noise spectrograms obtained using a 
microphone (. 'B &K type 4131 ) placed at a distance of 1m from the unit. 
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The measurement of the background noise is shown together with the 
measurement of the noise from the hydraulic power unit taken before and 
after the installation of the sound reducing enclosure. 
The measurements clearly indicated a S. P. L. reduction of up 
to 10 dB between the frequency range of 80 - 200 Hz has been achieved and 
a reduction of up to 25 dB between 270 Hz to 6.3 kHz. The overall 
percentage reduction of S. P. L. is between 30 - 45%, th3 larger improvements 
being at the higher end of the frequency range. 
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Calibration of the displacement transducer 
Initial calibrations of the displacement transducers in the hydraulic 
exciters were carried out before assembly of the experimental rig. 
The parameters of importance are frequency, phase-angle and 
amplitude. Fig. (E. 1 ) shows the measuring circuit used. 
(1) frequency 
The output signals from the transducers were fed via the carrier 
and demodulator section of a servo amplifier into a frequency meter. 
The graduated readings on the frequency dial of the function generator 
were calibrated against the readings shown on the digital frequency 
meter. The calibration curve ( full line) is given in Fig. (E. 2) and 
is, found to have an overall difference of less than 3% when compared 
with the direct reading line (dashed line ). 
(2) phase-angle 
The phase-angle between the two input signals, one is known as 
the reference voltage and the other as the variable phase signal 
. voltage, was calibrated against the phase dial reading on the function 
generator using the resolved component indicator (Solatron VP 250.2 ) 
The error of the meters within the frequency range 3 to 10 Hz is about 
1.25%. The calibration curve obtained at a frequency of- 5 Hz is given 
in Fig. (E. 3 ) 
(3) amplitude 
In the calibration of the displacement transducer, the stroke of 
each exciter was measured by means of a travelling microscope focused 
on the position of a pointer fixed on the ram. The induced voltage, 
proportional to the amplitude was recorded on a digital voltmeter- after 
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having rectified through a R. M. S. voltage circuit. The potentiometer, 
controlling the amplitude, on the servo amplifier was adjusted such 
that the R. M. S. voltage increased at equal increments of 0.1 volts. 
The amplitude calibration curves are shown in Fig. (E. 4) and (E. 5 ) 
for the two transducers. 
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APPENDIX F 
CALIBRATION OF THE BUSH PROFILE MEASURING SYSTEM 
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Calibration of the bush profile measuring probe 
The arrangement of the set up is shown in Fig . (F. 1 
) 
A vertical traversing table having coarse and fine adjustments, 
was mounted on a flat working platform under the profile measuring probe 
and a capacitance probe, type MCI ( range 0- 250 um ). The latter was 
used to measure the traversed distances of the table. These probes in 
conjunction with the distance meters (Wayne Kerr type B 731 A) were used 
to obtain signals representing the leaf spring and the pointer deflections, 
the output. being displayed on a digital milliammeter. 
The. traversing carriage was initially set with its table top just 
in contact with the pointer using the coarse adjustment. Using the fine 
adjustment, the pointer was slowly deflected radially inward until the bush 
profile reading showed 5 mA (an equivalent 125 /1 m) on the milliammeter. 
The probe which was vertically mounted was then positioned above the 
table top until its reading also gave 5 mA. This arrangement also provided 
tension on the spring leaf from which effects such as the weight of the pick 
up were eliminated. The 'preloading also ensured that a constant contact 
between the bush surface and the pointer stylus was being maintained at 
all points around the circumference. 
The calibration test was conducted by raising the traversing. 
table slowly at equal increments of 0.05 mA (2.511m ) and reducing the 
corresponding profile probe readings shown on the milliammeter. This was 
carried out up to 40 µm and the procedure was repeated with the pointer 
deflecting radially outward. The calibration curve given in Fig. (F. 2 ) 
showed slight hystersis while the linearity of the deflections was of the 
order of 5%.. ' 
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Peak hold circuit 
A schematic diagram of the peak hold circuit is given in Fig. ( G. 1 ). 
A voltage, proportional to the impact acceleration from the charge 
amplifier, was applied across the terminals of an integrated circuit operational 
amplifier ( type L115 ) which has a frequency bandwidth of 65 MHz and a 
high slew rate of 5v //is. The output from the amplifier was coupled to 
a diode which charged a capacitor giving a D. C. voltage. The FET transistor, 
used as a source follower had an insulated gate giving an input resistance 
of at least 10,000 Mn., received the charges flowing out from the capacitor 
and displayed the corresponding potential differences across the junction 
on a digital voltmeter. Because of the high gate resistance, the decay rate 
of voltage was very small. A discharging button and a polarity reversal 
switch were also incorporated into the circuit so that the negative pulse 
amplitude could be considered. 
The overall response characteristics and linearity of the peak hold 
circuit are summarised as follows : 
(1) Range : ±0.1vto ± 6v. 
(2) Accuracy : Maximum 5% at 0.1, v, minimum 0.25% greater than 0.5v. 
(3) Pulse width : 30 to 50 jis 
(4) Decay rate : better than 0.7 my /s. 
(5) Overall gain : unity. 
(6) Acquistion time : 100 to 450 jis depending on the pulse width , 
(7) Input resistance = 47 k11. 
t 
(8) Output resistance = 100riwith 1.8 kfto protect against short circuit. 
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APPENDIX H 
MOTION ANALYSIS OF A RIGID-LINK MECHANISM 
WITH CLEARANCE AT A BEARING 
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Corrigenda to, and discussion on, this paper will be published in the Applied Mechanics Group conference volume 
MECHANISMS 1972 
C8.6/72 MOTION ANALYSIS OF A 
RIGID-LINK MECHANISM WITH CLEARANCE 
AT A BEARING, USING LAGRANGIAN 
MECHANICS AND DIGITAL COMPUTATION 
S. W. E. FARLES* - C. L. S. WU* 
A method is described for analysing the kinematic and dynamic effects of bearing clearance in a four-bar 
mechanism. The clearance is considered as a massless fifth link, and by the use of Lagrangian equations-in- 
cluding Lagrangian multipliers and adapted mesh constraints-a set of time-dependent, non-linear differential 
equations with variable coefficients is developed. For a particular set of conditions a numerical solution of the. 
equations is given to the point where contact between the bearing surfaces is lost. The results are compared 
with computations made assuming no clearance, which indicates little difference in a gross sense. However, 
small cyclic variations in the motion of the links occurring when a clearance exists are considered to be 
sufficiently important to warrant further investigation. 
I INTRODUCTION 
IN THE DESIGN OF A MACHINE the exact behaviour of the 
moving parts cannot be predicted without taking into 
account the clearance in the joints of the machine ele- 
inents. However, in many designs the effect of joint 
clearance on the motion of the system may be considered 
to be sufficiently small that it can be neglected. This, how- 
ever, cannot be assumed to be so :a mecha-iical systems 
for which a high displacement precision is required. Fur- 
ther, even if in general it may be that a kinematic analysis 
assuming no clearance is acceptable, the effect of small dis- 
placement changes resulting from bearing clearance could 
have a significant effect on the dynamic response of the 
system. 
Thus the needs for a theoretical and experimental study 
of bearing clearance effects in a mechanical system are 
(a) to establish a method for determining accurately the 
true motion and dynamic response, (b) to establish criteria 
for the interpretation of the simpler (assumed no- 
clearance) analysis when applied to a system containing 
known clearance and (c) to attempt to predict maximum 
permissible bearing clearances for a particular situation 
and the long-term effects of bearing wear. 
Previous approaches to the analysis of mechanisms 
involving bearing clearance have included geometrical 
(I)t, statistical (2) and vibrational (3) investigations. The 
analysis presented here is an application of a technique 
developed by Chace (4) (5) in which the problem is for- 
rnulated as a set of simultaneous 
differential equations in 
the system relative co-ordinates, accompanied by second- 
order constraints. 
The equations are linear in the second- 
The 1415. of this paper was received at the Institution on Ist March 
1972 and accepted for publication on 31st May 1972.30 
Department of Mechanical Engineering, Queen Mary College, 
London. 
. i. References are given 
in Appendix 86.2. 
order terms and are'solved by a numerical integration 
procedure. 
The system to be analysed is basically a four-bar 
mechanism, clearance being considered to exist only in the 
bearing joining the crank to the coupler. However, the 
technique is general in its formulation and can be 
readily applied to other mechanism forms. (See Fig. 86.1. ) 
1.1 Notation 
g Gravitational acceleration. 
h, c Vertical height of mass centre of ith link above 
datum line. 
I; c Moment of inertia of ith link about an axis per- 
pendicular to the plane of the mechanism 
through the mass centre of the link. 
nt, Mass of ith link. 
OXY Fixed frame of reference in a vertical plane. 
R Force vector on the crank at the crank-coupler 
bearing. 
R Magnitude of R. 
S, Position vector of ith link. 
Si Magnitude of Si. 
Sic Position vector of mass centre of ith link. 
S; ý Magnitude of S,,. 
t Time. 
Vic Linear velocity of mass centre of ith link. 
01 Angular position of S, relative to the fixed axis 
OX. 
Subscripts 
1. Link 1, crank. 
2 Link 2, clearance. 
3 Link 3, coupler. 
4 Link 4, rocker. 
5 Link 5, fixed along OX axis. 
lnstn Mach Engrs 83 
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Fig. 86.1. Diagrammatic arrangement of the four-bar 
linkage with'clearance link' 
'2 ANALYTICAL METHOD 
A set of independent simultaneous second-order differen- 
tial equations can be obtained by the application of each 
independent co-ordinate ýi to Lagrange's equation: 
d 
dt 
[2(T-V-F-: E App7) 1-c(T-V-F-I Ar-7r) 
0 
(86.1) 
where T is the kinematic energy of the system, V the work 
done by the system on the conservative field forces, F the 
work done by the system on the non-conservative field 
forces, Aj are Langrange multipliers and 77, are constraint 
functions. 
The above produces i equations, whereas the total 
number of second-order differential equations necessary 
to determine completely the system's motion is (i-}-j). 
The basically four-bar mechanism is to be represented 
as a five-bar linkage, the fifth link being a massless, con- 
stant length connection between the crank and coupler. 
The analysis to be presented is concerned only with 
motion during which the crank and coupler are in contact. 
The analysis ceases to be applicable when contact is lost. 
The vector loop equation describing the geometric 
arrangement of the five-bar linkage is 
5 
'Z Sk = Sl+S2+S3+S4+S5 -0 (86.2) k-1 
which can be represented in the form of two scalar 
equations : 
Si cos 0... (86.3) 
5 
2 Si sin, =0... (86.4) 
which are, respectively, the two constraint functions i1 
and '72" 
The kinetic energy of the system is given by 
C3 /ý T=G Jýntvoa'i 
IIa12 
and the potential energy of the system by 
3 
V. F7 7 nr, gh,, 
S. W. E. EARLES AND C. L. S. WU 
In the example to be considered all non-conservative 
forces are zero, hence F=0. 
Expressions for T and V are given in equations (86.7) 
and (86.8) (see Appendix 86.1). Thus, the application 
of each of the independent co-ordinates q, to equation 
(86.1) leads to the five equations (86.9) to (86.13). 
Two further equations are required and these are pro- 
vided by writing the constraint functions in their second- 
order differential form, i. e. 
il-d d 
2. S, Cosý, 
ý 
=0 . (86.5) 
da aýZ S, sin0, 
ý 
=0 . (86.6) dt 
äda 
1 
Equations (86.5), (86.5) end (86.9)-(86.13) are linear in 
the second-order terms ý and in the terms A, and A2. This 
enables the equations to be numerically integrated over 
small time intervals. 
It will be observed that for the mechanism being con- 
sidered there are effectively only six equations and six 
unknowns as &5 and its time derivatives are zero. 
2.1 Initial value 
Because the solution of the set of equations is an initial 
value problem, the state of the system at some time is 
required. 
The kinematic characteristics of a four-bar linkage 
without clearance may be determined by conventional 
methods, for instance as given in reference (6). 
As the length of the `clearance link' is very small com- 
pared with the lengths of the other links, it would seem 
reasonable to assume that when the crank and coupler are 
in line-i. e. in a dead-centre-position (d. c. p. )-the angular 
positions, velocities and accelerations of the crank, coupler 
and rocker arc the same as for the case when no clearance 
exists. This b, -. ng so, then in the d. c. p. the `clearance 
link' has a translatory motion but no rotationary motion. 
Further, in the d. c. p. the angular position of the `clearance 
link' will be assumed to correspond with the direction of 
the force at the crank-coupler connection for no clearance. 
This latter assumption means in effect that the initial 
value of the angular position of `clearance link' is depen- 
dent on the dynamics of the system. 
3 NUMERICAL RESULTS 
For the set of conditions given below [which correspond 
to an example given in reference (5)], the equations derived 
above have been solved using a Kutta-Merson numerical 
technique. 
Sl = 63.50 mm (crank) 
S2 = 0.076 mm (clearance) 
S3 = 130.38 mm (coupler) 
S4 = 87.33 mm (rocker) 
S5 = 115.77 mm 
S1, = 0.105 mm (crank) 
S30 = 65.18 mm (coupler) 
S40 = 77.67 mm (rocker) 
MI = 1.537 kg (crank) 
M3 = 0.102 kg (coupler) 
m4 = . 0.356 
kg (rocker) 
Instn Mech Engrs C86/72 
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I,. = 3920 kg mm2 (crank) 
13 = 165.3 kg mm2 (coupler) 
14 = 351.2 kg mm2 (rocker) 
01 = 50 rad/s (crank d. c. p. ) 
01 =4 rad (crank d. c. p. ) 
The variations with time of the coupler angular position, 
angular velocity and angular acceleration are given in 
Figs 86.2,86.3 and 86.4 respectively. Results have been 
evaluated up to the point at which contact between the 
crank and coupler is lost. For comparison the figures also 
show corresponding curves for the no-clearance case com- 
puted over one complete cycle of the motion. Similar 
figures produced for the crank and rocker also indicated 
only a small difference between the clearance and no- 
clearance conditions. However, in computing the values 
fo: - the clearance case it was found that the integration 
p. -ocedure required relatively much smaller time steps; 
this suggests complexities in the motion which are not 
present when no clearance exists. 
Fig. 86.5 shows the angular acceleration of the coupler 
on a larger scale. It is seen that the apparent effect of the 
clearance is to introduce a cyclic variation of the angular 
acceleration superimposed on a mean angular acceleration 
variation which is similar in form to that for no clearance. 
Fig. 86.6 shows the angular position of the `clearance 
link' compared with the direction of the force between the 
crank and coupler for no clearance. Loss of contact be- 
tween the crank and coupler is seen to occur at the point at 
which the force vector for no clearance reverses its direc- 
tion. 
1 .L 
ö1 
3- 
W 1"C 
J 
CL 
D 
0 
U 
U- 0.6 
0 
z 
w 
w 0"E 
U 
J 
a- 
0-4 
a J 
Q 0.2 
0.076 mm clearance 
, no clearance 
/, 
I. 
/ 
t/ 
/ 
/ 
1 
-) / n, ý_ý 00 
0 0.04 0.08 0.12 
The angular position, angular velocity and angular 
acceleration of the `clearance link' are shown in Figs 86.7, 
86.8 and 86.9 respectively. It is observed that there is an 
increase in the magnitude and frequency of the cyclic 
variations up to the point when contact between the crank 
and coupler is lost. 
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'clearance link', and the direction of the bearing force 
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Fig. 86.10 is a polar plot of the force vector on the crank 
at the crank-coupler connection. The particular example 
has been chosen such that the force vector plot passes 
through zero with a finite slope, i. e. the condition neces- 
sary for contact to be lost. It is observed that there is little 
difference between the dynamic forces for the two cases of 
clearance and no clearance. 
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Fig. 86.7. Angular position of 'clearance link' showing 
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for no clearance - 
A more detailed picture of the actual difference for the 
two cases is given in Fig. 86.11, in which is plotted the 
variation in the magnitude of the force R with its direction, 
at and near the point where contact is lost. It is seen that 
the rate of change of force magnitude with force direction 
is not exactly the same. 
4 DISCUSSION 
The method employed to analyse the mechanism including 
clearance has proved lengthy in computation time, and any 
interpretation of the results produced is dependent on the 
acceptance of the numerical techniques used and the 
assumptions made in order to commence the computation 
procedure. 
In order to test whether the cyclic variations in the 
angular displacement, angular velocity and angular 
acceleration of the clearance link might be due to the inte- 
gration procedure, calculations have been repeated using 
time step lengths of one-tenth and one-hu.,, dredth of the 
previous step length, 10-5 s. This has produced a very 
small change in the shape of the waveform, probably due 
to an increased accuracy, but no change in the frequency 
of the waveform. 
Another example has been analysed in which the para- 
meters were the same, as in the example reported, with the 
exception of the crank angular velocity at the d. c. p.; a 
value of 10 rad/s was used in place of 50 rad/s. The results 
produced follow the same pattern as those here presented. 
The main differences were (a) the cyclic variations in the 
`clearance link' motion had a lower frequency, and (b) con- 
tact between the crank and coupler was not lost. 
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Fig. 86.10. Polar plot of vector force on crank at 
crank-coupler bearing 
To investigate the effects of `clearance link' length on 
the behaviour of the 
`clearance link' motion, calculations 
using clearance sizes, 
S2, of 0.0253 mm and 0.253 mm 
have been carried out. The patterns of the variations 
obtained were 
found to be similar to those observed with a 
clearance size of 
0.076 mm. However, the amplitudes and 
frequencies of the angular velocities and angular accelera- 
tions obtained were not the same. The amplitude of the 
angular acceleration 
decreased from 14 x 104 to 4.5 x 104 
radf S2, at the 
d. c. p., with increasing clearance size and the 
corresponding 
frequency decreased from 5S8 to 208 Hz. 
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In the examples so far presented it has been given that 
there are no external or dissipative forces acting on the 
system. Thus the motion has been dependent only on the 
configuration, mass distribution and initial angular velo- 
city chosen for the system. Further theoretical work is in 
progress in which an estimated viscous damping coefficient 
for the bearing is included. The results so far produced 
indicate that damping markedly reduces the amplitude and 
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Fig. 86.11. Magnitude of vector force R against 
direction of the force 
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Fig. 86.8. Angular velocity of 'clearance link' 
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frequency of the cyclic variations, although the pattern of 
the motion of the `clearance link' is unchanged. The 
damping effectively increases the inertia term Z2 of the 
`clearance link' in the matrix [D] (see Appendix 86.1). 
Correspondingly, the angular displacements, angular velo- 
cities and angular accelerations of the crank, coupler and 
rocker are reduced. 
It would seem reasonable to conclude tentatively that 
in a gross sense a no-clearance analysis is sufficient to 
predict the general kinematic and dynamic responses of a 
mechanism in which clearances of normal magnitudes 
exist. However, it must be recalled that the present state 
of the analysis given does not consider impact forces which 
will occur if contact is lost. 
A significant factor disclosed in the analysis is the 
apparent fluctuation of the `clearance link' (and, therefore, 
contact force) direction. This, if it is found to actually 
exist (an experimental rig is under construction), might 
(a) introduce critical vibratory modes into the motion of 
the mechanism, and (b) accelerate wear of the bearing. 
The elements of the bearing have been taken to be 
circular. The effect of one or both elements being non- 
circular, either due to manufacturing inaccuracies or to 
uneven wear, has yet to be analysed. The importance of 
the second cause is evident if it is accepted that the wear 
rate is dependent on the magnitude of the existing 
clearance. 
Even if future designs of mechanisms are to be based on 
no-clearance analyses, further understanding of the kine- 
matic and dynamic effects of bearing clearance is required 
in diagnostic studies of bearings under working conditions, 
i. e. predicting in situ the remaining satisfactory life of a 
bearing. 
5 CONCLUSIONS 
An analysis is presented for the kinematic and dynamic 
responses of a four-bar mechanism in which a clearance 
exists in the bearing joining the crank to the coupler, and 
contact between the crank and coupler is occurring. 
In a gross sense there appears to be little difference be- 
tween the response so predicted and that found assuming 
no clearance. 
Small cyclic fluctuations in the angular motion of the 
links, over and above their mean variations, appear to 
occur as a result of bearing clearance. 
These fluctuations, if real, could conceivably give rise 
to disturbing vibratory modes and increased bearing 
wear. 
APPENDIX 86.1 
T= IZ1 12+lZ'2Y'22'I'IZ3 32+ZZ4 42 
+Ll cos (02 - 01AA 
+L2 COS (01-03A03 
+L3 COS (03-02)Y'2`V3 
+L4 COS (04-01)0A 
+Lr, COS (04-03AY'4 
+L6 COS (04-02A44 (86.7) 
V= rnlg(Slc sin ýjfl)+mag(S1 sin 11 
+S2 sin 02+S3c sin a(/3) 
+m3g(Sl sin 0. +S2 sin ý! g+S3 sin i/i3+S4c sin 
ý4) 
... (86.8) 
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Equation on t1: 
Z1+;, +LI cos (02- &1)'i2+L2 cos (01-02)' a 
+L4 cos (4-01) 4+L1 sin i01-0z)0 
-L2 sin (03-01%2 -L4 sin (04 _01%2 
+(migSio+m2BS1+m3BS1) cos +t 
+A, S1 sin 01+A2S, cos 01 
=0 ............ (86.9) 
Equation on 2 
L1 cos (02-Yi1)y'1+Z2'V2+L3 cos ('3-02)4ß 
+L6 cos (Y'4-/'2)Y'4+L1 sin (Y12_ 1)v 12 
-L3 sin (13-Y'2) 32+(r12g+m3ä)S2 COS 
02 
+A1S2 sin +2+A2S2 cos #2-Lß sin (Y'4-Y'1)+N42 
=0 ........... (86.10) 
Equation on 03: 
L2 cos (01-03)y', +Lj COS (03-02%+Z3& 
+L5 COS (04-'3) 4+L2 sin 
(03-Y'1)ß/; 
12 
+L3 sin (03-'P2)Y'22-L5 sin (04-03)142 
+(f112gS3c+; 113äS3) COS 03 
+A1S3 sin '3+Ä2S3 COS 03 
=0........... (86.11) 
Equation on 04: 
L4 COS (04-'1)Y'1+ Le COS (P4-''2)4'2 
+L5 COS (Y'4-#3)Y'3+Z4`Y4+L4 sin (Y'4-01)1'12 
+L5 sin (ý/ý4-03) 32+LQ sin 
(04-'2)1'22 
+n113gS4c COS 14+. \154 Sin '14'}'Ä2S4 COS 04 
=0........... (86.12) 
Equation on 03: 
where 
0=0.... (86.13) 
L1 = (r. a+in3)S1S2 
L2 = (m2S3c+m3S3)S1 
L3 = (In2S3, +ln3S3)S2 
L4 = n13S4CS1 
L5 = 1113S4, S3 
L6 = n13S4cs2 
Z1 -= n11S1c2+IIC+(M2+n13)S12 
Z2 = (m2+I1Z3)S22 
Z3 = m2S3c2+1 2C+m3S32 
Z4 =1113S4ä +I3c 
The six equations, (86.5), (86.6), (86.9), (86.10), (86.11) 
and (86.12), may be written in the matrix form: 
[D]{ý} = {E} 
where [D] is a6x6 matrix, the elements of which contain 
combinations of the physical parameters of the mechanism 
and the independent co-ordinates ý {c} is a column 
matrix containing the .; 's, and Aj's, and (E} is a column 
matrix containing combinations of the physical para- 
meters of the mechanism, f, 's and 1,2)S. 
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